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REPORT SUMMARY

After approval of the Yucca Mountain Site Recommendation by the President and Congress last
year, the U.S. Department of Energy (DOE) entered the construction pre-license application
phase with the U.S. Nuclear Regulatory Commission (NRC). A successful license application for
the proposed spent fuel and high level waste repository at Yucca Mountain depends on a robust
demonstration of long-term safety. It also depends on prioritizing the work left to do in a step
wise manner consistent with the particular phase of repository development. This report makes a
safety case for the Yucca Mountain repository using a Total System Performance Assessment
(TSPA). In terms of overall risk estimates, the TSPA is also used to evaluate the potential
importance of information to be collected in a series of DOE/NRC Key Technical Issue (KTI)
Agreements. Arguments are made as to why some KTI Agreement work should be completed
later in order to maintain a risk-informed, performance-based approach to repository
development.
Background
Regulations limiting the negative impacts of the potential high level waste repository as well as
the current site recommendation process require a quantitative assessment of total performance.
The iterative TSPA process can most wisely be used to refine models and improve databases in
order to reduce conservatisms and/or uncertainties. When applied in this manner, the TSPA can
guide the allocation of future resources toward repository system components with the greatest
impact on overall performance and away from components not affecting performance. Both the
Environmental Protection Agency (EPA) and the NRC have issued new risk-based evaluation
criteria mandating that applicants show the importance of each system and subsystem used to
demonstrate compliance to the EPA's accessible environment standard dose regulations.
Objectives
To provide an independent assessment of important barriers to the release and transport of
radionuclides from the Yucca Mountain site; to identify the classes of DOE/NRC KTI
Agreements and other work important enough to be completed at the present time.
Approach
EPRI used its Integrated Multiple Assumptions and Release Code (IMARC) TSPA model to
probabilistically evaluate performance of the proposed Yucca Mountain site. The code, now in
its seventh phase, has been updated to include the effects of diffusive release from the engineered
barrier system. The IMARC computer model calculates probability-weighted mean doses to a
reasonably maximally exposed individual (RMEI). Analyses were conducted to understand the
relative importance of a set of barriers within the Yucca Mountain system that act to limit release
of radionuclides from the repository or slow their movement. Additional IMARC analyses
investigated the relative importance of the KTI Agreement classes to overall risk. Finally, an
v

approach to step-wise licensing makes best use of available resources and the long time periods
over which repository development will take place. Arguments are made as to why some of the
important KTI Agreement work should be completed at a later stage of repository development.
Results
EPRI is confident that the proposed Yucca Mountain system, including the present engineering
design, will provide a large degree of safety. When compared to the regulatory criteria, the
IMARC analyses indicate the criteria are met by over four orders of magnitude of margin.
Furthermore, the peak dose-which occurs well beyond 10,000 years-is still about 100 times
lower than natural background radiation levels.
The barrier analyses indicate that many independent barriers contribute to overall safety, as
measured by the ability of individual barriers to lower the estimated dose rates to an RMEI.
Several natural and engineered barriers each contribute greatly to overall dose reduction and/or
provide thousands of years or more of delay time.
Analysis of potential impacts on current risk estimates suggests that the DOE and NRC should
reconsider the need for many of the KTI Agreements. It is neither necessary nor appropriate to
complete all of the "important" KTI Agreements prior to submission of a construction license
application. Work at Yucca Mountain must remain risk-informed and performance-based. Other
work important to long-term risk-but pertaining to barriers whose functions are not required
until many decades into the future-would best be delayed in order to focus on work supporting
safety functions needed earlier.
EPRI Perspective
General confidence in the overall Yucca Mountain system performance has been established
through a series of TSPA reports-all of which suggest that compliance with the NRC
regulations can be achieved. Furthermore, it is clear that many barriers contribute to safety, both
in terms of radionuclide retention and delay time as well as theoretical dose reduction capability.
Now that the DOE has entered the construction pre-licensing phase with the NRC, it is most
important that the DOE focus on aspects of the repository system for which confidence must be
highest in order to begin construction.
Keywords
Yucca Mountain
High Level Radioactive Waste
Spent Fuel Disposal
Total System Performance Assessment
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1
INTRODUCTION

After approval of the Yucca Mountain Site Recommendation by the President and Congress last
year, the U.S. Department of Energy (DOE) has now entered the construction pre-license
application phase with the U.S. Nuclear Regulatory Commission (NRC). A successful license
application for the proposed spent-fuel and high-level waste repository at Yucca Mountain
depends on a robust demonstration of long-term safety. It also depends on prioritizing the work
left to do in a step-wise manner consistent with the particular phase of repository development.
This report makes a safety case for the Yucca Mountain repository using EPRI's Total System
Performance Assessment (TSPA) code, IMARC. Information in this "Phase 7" TSPA report
(IMARC-7) provides insight in defining important barriers to radionuclide release. Health
impacts from such releases are estimated to remain small at all times in the future. TSPA is also
used to evaluate the potential importance to overall risk estimates of information to be collected
in a series of DOE/NRC "Key Technical Issue (KTI) Agreements". Finally, arguments are made
why some of the important KTI Agreement work should be completed at a later stage of
repository development.
Chapter 2 provides a brief overview of the IMARC-7 code, which is only slightly changed from
IMARC-6 [EPRI, 2002]. The major change from IMARC-6 is the introduction of a diffusive
release scenario from failed containers not being dripped on by groundwater from above. It is
felt that the current treatment of diffusive release from this scenario is extremely conservative
since we assume a well-connected, relative short diffusive pathway from the inside of the failed
container, down the pedestal, into the invert, and out into the nearest flowing fracture in the near
field host rock. The effect of adding this diffusive release scenario on our results is briefly
discussed at the beginning of Chapter 3.
Chapter 3 includes the main results and sensitivities using the IMARC-7 code. The main
probability-weighted dose rate (or "dose risk") to the reasonably maximally exposed individual
(RMEI) 18 kilometers downstream from the repository is repeated as Figure 1-1 below. This
figure is for the "normal release" scenario only (i.e., excludes volcanic and strong seismic events,
along with human intrusion), and also neglects colloid-aided transport, whose effect is expected
to be minor. This figure indicates that the peak RMEI dose rate during the first 10,000 years
from the normal release scenario is on the orderof lO3 millirem per year. This is four ordersof
magnitude below the 10 CFR Part63 dose limit of 15 millirem per year. The primary
contributors to the 10,000-year peak dose rate are due to 1-129 and Tc-99 released via diffusion
from a single container assumed failed at emplacement. Iodine and technetium are highly
soluble and do not sorb significantly on any of the engineered or natural materials along the 18+
kilometer flow path. The peak probability-weighted mean dose rate to the RMEI at 18 km at all
times is slightly above 1 millirem per year, and occurs at approximately one million years. This
is about two orders of magnitude below natural background radiation levels. Thus, the RMEI's
total dose risk would never exceed naturalbackground by more than about one percent due to
1-1
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the nonnal release scenario. The primary contributors to the one million-year dose risk are I
129 and Np-237 (and its daughters). The Np-237 chain dose contribution comes almost entirely
from advective release (i.e., from groundwater flowing through failed containers), since its lower
solubility tends to limit diffusive release. Both diffusive and advective release contributions for
1-129 are important at one million years.
101
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Figure 1-1
Probability-Weighted Mean Dose Rate to the RMEI at 18 km - Base Case

Chapter 4 provides an analysis of potential "barriers" to release and transport. There are several
engineered and natural barriers that contribute to lowering the dose risk. There are even more
engineered and natural barriers that slow the release rate of radionuclides or slow the transport
rate of released radionuclides through the engineered and natural system.
One of the goals of this report is also to evaluate the not only the relative importance of the work
in the DOE/NRC "Key Technical Issue Agreements" (or KTI Agreements), but also the time
during the long repository development and licensing process at which it makes the most sense
to complete the "important" KTI Agreements (and other outstanding work, for that matter).
Chapter 5 begins by providing a brief history of the origin of the KTI Agreements. The main
point that is made in this section of Chapter 5 is that, while there were several general TSPA
analyses available, no TSPA work was done specifically to evaluate the risk-importanceof each
KTIAgreemnent at the time these Agreements were made. The next part of Chapter 5 provides
and evaluation of the classes of KTI Agreements with respect to their importance to dose risk.
1-2
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Only a small subset of the 293 KTI Agreements appear"important" to dose risk. Given that
both DOE and NRC are committed to a risk-informed,performance-basedapproachto
repositorydevelopment, those KTI Agreements that are relatively risk-unimportantshould be
eliminated.
In Chapter 6, an approach to step-wise licensing is presented that makes best use of the available
resources and the long time periods over which repository development will take place. An
analogy is made to reactor licensing precedent in which a detailed defense of a particular safety
function is not required in the license application until the time the safety function is needed.
Given that many of the KTI Agreements address barriers that are not called upon to function for
many decades (e.g., post-closure barriers such as most of the natural system barriers downstream
of the repository), it is neither necessary nor appropriateto complete all of the "important" KTI
Agreements prior to DOE submitting a construction license application. Completion of KTI
Agreements that would provide information on barrierswhose safety function is not needed until
a laterstage of repository development should be postponed. At the end of Chapter 6, the
"important" KTI Agreements are then ordered in terms of when they need to be completed using
this approach. Thus, it makes sense to complete only a very small subset of the existing 293 KTI
Agreements priorto submitting a construction license application.
Chapter 7 provides a summary of the main conclusions and observations obtained throughout the
report.
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2
BRIEF DESCRIPTION OF THE IMARC-7 CODE

2.1 Introduction
Radionuclide concentrations and doses to potential future populations in the vicinity of Yucca
Mountain were estimated with the latest version of the IMARC software package (IMARC-7).
This code employs a "logic tree" methodology that represents uncertainties in models and
parameters with nodes and branches, each branch representing an alternative model or parameter
with an associated probability. The family of end branches therefore represents a set of
assumptions on models and parameters, with an associated composite probability that can be
used to calculate concentrations and doses. The composite probability is calculated as the
product of probabilities on branches leading to that end branch. The family of end branches and
the associated calculations of concentrations and doses lead to a distributionof concentrations
and doses reflecting uncertainties in models and parameters.
The results of the IMARC-7 analysis using the entire set of logic tree branches are presented as
the probability-weighted mean dose (or "dose risk") to the reasonably maximally exposed
individual (RMEI). Dose risks, unless otherwise specified are calculated from all exposure
pathways in the current biosphere model. The accessible environment is located 18 km
downstream from the repository boundary.
Sensitivity studies were also performed in which some or all of the branches were fixed to a
single value, rather than using the two to three alternatives available for each of the sets of
branches. When only some of the branches are fixed, the resulting probability-weighted doses
must be considered conditional probability-weighted doses (or "conditional dose risks"). When
all branches are fixed at a single value, this is a traditional deterministic analysis (i.e., not
probability-weighted).
2.2 Discussion of IMARC-7 Implementation
Figure 2-1 illustrates the logic tree used in the current application (IMARC-7). The tree consists
of five nodes containing a total of (3 x 2 x 2 x 3 x 3 =) 108 end branches (108 sets of
assumptions), for which concentrations and doses were calculated. These nodes, representing
sets of models and assumptions, were found to be most influential in previous analyses.' Input
values of infiltration rate, focused flow factor, seepage flow rate, solubility and alteration time,

'As will be discussed later, modifications made in IMARC-7 will require a different logic tree to integrate new
sensitivities discovered.
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and species retardation are documented in previous EPRI reports [EPRI 1996; 1998; 2000; 2002]
and are summarized below.

INFILTRATION

FOCUSED
FLOW
FACTOR

SEEPAGE SOLUBILITY &
FRACTION ALTERATION
TIME

RETARDATION

Figure 2-1
Logic Tree for IMARC-7, shown simplified. There are 108 End Branches in the Full Logic
Tree.

2.2.1 Future Climate Change and Net Infiltration
The future climate and net infiltration assumptions have remained stable over the past couple of
iterations of IMARC. Climate change is not included in the logic tree shown in Figure 2-1
because the uncertainties in climate change were not found to contribute significantly to
uncertainty in our dose risk estimates. Three successive climate periods are assumed; the
greenhouse and interglacial climates are expected to last 1,000 years each after which the onset
of a full-glacial-maximum climate occurs (2,000 years after present). This full-glacial
maximum climate continues for the remainder of the million-year analysis. The first two
climates have very little effect on dose calculations because of the robust waste container designs
being considered and the local effects on removal of most liquid water in the near field due to
decay heat during the first 2000 years. We continue to model the two early climates in the event
of possible future refinement of the climate node. The logic tree's infiltration node consisting of
"low", "moderate", and "high" net infiltration rates for each climate is listed in Table 2-1 below.
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Table 2-1
Values of the Three Net Infiltration Branches for the Three Climate States (mm/yr)
Climate

Low

Moderate

High

Greenhouse (1000 years)

1.1

11.3

19.2

Interglacial (1000 years)

1.1

7.2

9.6

Full Glacial Maximum (remainder)

6.8

19.6

35.4

2.2.2 Focused Flow Factors
"Flow focusing" is an amalgam of features, events, and processes (FEPs) in the unsaturated zone
(UZ) above the repository horizon that affects the spatial distribution of groundwater flow rates
at the repository horizon (the "local percolation rate"). If the spatial distribution causes higher
flow rates in certain parts of the repository than others, then, the flow is considered "focused".
As such the flow focusing "uncertainty" branches in IMARC-7 represent a combination of
spatial variability of the relevant upper UZ FEPs, as well as uncertainty in the effect on flow
focusing for a given spatial distribution of relevant FEP properties.
As in the previous analysis [EPRI, 2002] there are two scenarios of flow focusing in the current
logic tree. The first alternative represents no flow focusing, where the percolation flux
throughout the repository is uniform. This assumption results in groundwater being able to drip
into the open drifts only under the "high" seepage branch of the seepage fraction node [CRWMS
M&O, 2001]. Under the much more likely "moderate" branch the repository stays completely
dry.
The second alternative represents focused flow, with a factor of four increase in percolation flux
(relative to the net infiltration values shown in Table 2-1) occurring in 25% of the repository.
About 1.4% of the repository experiences active dripping under this scenario when the base case
seepage fraction distribution is assumed, while approximately 10% is "wet" (experiencing active
dripping) under the maximum seepage fraction distribution. In the remainder of the repository,
waste containers are not dripped on, and are subject only to diffusive release. The first
alternative is given a probability of 86.5%, the second 13.5%.
2.2.3 Seepage Fraction/ Flow Rate
Uncertainty in the fraction of the repository that experiences active dripping and the flow rate
associated with the local dripping (local percolation flux or "flow rate") was added to this year's
model in the form of the seepage fraction node. The seepage fraction is that part of the
repository that experiences active dripping into the drifts (or is "wet"). Hence it also represents
the portion of waste containers, which once failed, begin to release through advective transport.
The rest of the containers in the repository are assumed to remain "dry" (i.e., no active dripping,
although local conditions are likely to be near 100% relative humidity at most times) for all time
and can only release by diffusion. The "flow rate" is the annual volume of groundwater that
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drips onto each "wet" container. This is the amount of water that is potentially available to enter
a failed container. The seepage fraction and flow rate are both estimated by linearly
interpolating from one of two distributions taken from CRWMS M&O [2001] and presented in
Table 2-2. The "base case" distribution is given a weight of 96%, the "high" distribution
4%.
Table 2-2
Distributions of Seepage Fraction and Seep Flow Rate as a Function of Local Percolation
Rate, q
Base-Seepage Case

High-Seepage Case

q (mm/yr)

Fraction

Flow Rate (mv/yr)

Fraction

Flow Rate (m3/yr)

2.4

0

0

0

0

5

0

0

.083

.086

14.6

0

0

.083

.401

60

0

0

.310

.701

73.2

.054

.365

.376

.788

213

.054

4.24

.452

4.24

500

.129

6.20

.512

12.1

1000

.303

30.9

.609

35.6

3000

1

129

1

129

Although this table provides seepage fractions, and flow rates for local percolation rates, q, as
high as 3000 mm/yr, in IMARC-7 the highest value of q assumed is only 35.4 mm/yr (highest
net infiltration rate from Table 2-1) times 4 (highest flow focusing factor) = 142 mm/yr.
2.2.4 Solubility and Alteration Rate
Alternative solubilities for each radionuclide are summarized in Table 2-3. The alteration time
of the waste form is the time it takes for the UO, matrix to become completely altered, thereby
making available for release the fission products and transuranics embedded within the matrix.
Alteration time is also assumed to be uncertain, with values of 1,000 years (probability 0.05),
3,000 years (probability 0.9), and 5,000 years (probability 0.05). These are the same alteration
times and solubilities used in the previous version of IMARC. Values of alteration times are
linked to values of solubilities (fast alteration is linked to high solubility, and so on) because any
specific radionuclide's concentration in groundwater is generally governed by one or the other,
not both. Previous sensitivity studies have shown that we do not need to model combinations of
fast alteration and low solubility, and slow alteration with high solubility.
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Table 2-3
Radioelement Solubilities (in moles/liter)
Radioelement

High solubility

Moderate

Low solubility

solubility
Am

2.1 E-8

Cl**

1.1EO

Cs

3E-3

7.4E-6

8.4E-3

8.4E-5

4.2E-6

(4.2E-6)+

(4.2E-8)+

(4.2E-10)+

7.4E-3
=7.8E-1

I**
Np

3.0E-6

Pa*
Pu

*

8.3E-7

8.3E-9

Ra*

8.8E-7

Se**

1.OE-2

Tc**

1.OEO

8.3E-11

Th

8.7E-8

3.OE-9

8.7E-1 1

U

2.1E-4

2.9E-5

4.2E-7

Radioelements whose dose-contributing nuclides are decay daughters, so their dose contribution is probably
independent of the solubility limit at the surface of spent fuel.

**

Radioelements that are expected to be highly soluble, without any actual solubility limit imposed at the surface of
spent fuel.

+ Alternate values based on results by Argonne National Lab. These values were not used in IMARC-7.
= Assigned values are identical to "moderate solubility" value.

2.2.5 SaturatedZone Flow
The unsaturated and saturated zone models are little changed from the previous version of
IMARC [EPRI, 2002]. The only relevant modification was to the Kd values of neptunium, which
are displayed in Table 2-4. A summary of hydraulic and transport parameters to the saturated
zone are also shown in Table 2-5.
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Table 2-4
Kd Values for Neptunium Sorption in the Unsaturated and Saturated Zones (m 3/kg)
I
Kdvalues (x 10-3)
Layer

Low

Median

High

TSw2-3

0.1

0.5

0.8

TSv 4

0.1

0.5

08

CHnv

0.1

0.5

0.8

CHnZ

0.3

0.8

1.2

BF

0.3

0.8

1.2

AL

2.5

5.0

10

Table 2-5
Summary of Hydraulic and Transport Parameters of the Saturated Zone
Parameter type

Parameter

Volcanic tuff

Alluvium

Matrix

Effective Porosity

0.19

0.15

Bulk density (kg/m3)

1940

1910

Diffusion coefficient (m3/day)

2.8E-6

0

Radius matrix block (m)

0.75

-

Effective porosity

1.5E-2

Diffusion coefficient (m2/day)

4.3E-5

-

Bulk hydraulic conductivity (m/day)

8.64

8.64

Specific discharge (m/day)

4.1 E-4

4.1 E-4

Appr. linear groundwater vel. (m/yr)

2.7E-2

2.7E-2

Longitudinal dispersivaty (m)

20

20

Transverse dispersitivity (m)

5

5

Flowing interval
(see EPRI [2002]
for a description)

Transport
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2.2.6 Waste ContainerFailures
As in the previous version of IMARC, three barriers must all fail before dripping water is
assumed to contact the waste form. The titanium drip shield must first fail, so that flowing
groundwater can contact the waste package itself. Corrosion processes requiring flowing
groundwater are assumed to start on the waste package surface once the drip shield has failed.
The third barrier is the fuel cladding. A small fraction (2.5%) of cladding is assumed to have
failed at the time of emplacement, thus being exposed to water and available for transport
immediately after the drip shield and container have failed. The remainder of the intact cladding
is assumed to fail over time with or without the presence of groundwater according to "wet" or
"dry" cladding failure models.
The waste container model is represented by three failure curves. The first is applied to a 0.0001
fraction of all waste containers, and assumes that the drip shield has failed on emplacement but
the waste packages are intact.2 The second is applied to a 0.0001 fraction of all waste containers,
and assumes that the drip shield is intact on emplacement, but that the waste packages have
failed. The third failure curve, applied to the remaining 0.9998 fraction, assumes that both the
drip shields and waste containers are intact on emplacement. The analysis using all three failure
modes includes the failure of cladding as part of the overall failure model, as discussed above.
Flowing groundwater is assumed to begin contacting the cladding once more than 0.001 of a
container fails in a given time step. In this way the time of advective release depends on the
fraction of the repository that is wet, which in turn depends on infiltration and flow focusing
scenarios.
Figures 2-2 and 2-3 compare the combined drip shield/container failure curves for the three cases
discussed above (combinations of drip shields and waste containers failing or not failing).
Having the drip shield intact does not significantly delay the failure of waste container.
Figure 2-4 shows the cladding failure distributions for wet and dry conditions.

2

I.e., there is approximately one drip shield that is assumed to have failed at emplacement.

SI.e., there is approximately one container that is assumed to have failed at emplacement. It is not assumed that the

single drip shield failure and the single container failure at emplacement are co-located.
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Waste Package/Drip Shield Failure Curves (linear scale)
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Figure 2-4
Cladding Failure Distributions for Wet and Dry Conditions

2.2.7 Source Term
Radionuclides in the waste package are available for release immediately after both the container
and cladding fail. In the "wet" portion of the repository all water dripping on a failed waste
package is allowed to enter the container and thereby is made available for waste dissolution.
The amount of available water flowing through an individual container was estimated by
interpolation of Table 2-2.
Transport by diffusion of radionuclides stored in failed "dry" containers is taken into account for
the first time in the current analysis. It is conservatively assumed that a continuum water film
exists from the degraded waste form to the EBS outside the canister. The diffusive release is
modeled as if radionuclides diffuse through a cylindrical hole, representing one perforation on
the waste canister. The whole waste package is treated as a sphere and multiple cylindrical holes
in the canister wall are assumed. The contributions from different holes are assumed to be
independent of each other and can, therefore, be superimposed to obtain the total release effect
from all perforations. Sorption, decay, in-growth, and solubility-limits are neglected in the
transport through these holes. Thus, the diffusive flux between the inside of the container and
the surrounding EBS is a function of the radionuclide concentration inside the container, the
effective diffusional cross-sectional area through the holes, and the diffusion distance. At
present, we have very conservatively assumed there is excellent connection of water films
between each of the EBS components, which greatly facilitates release via diffusion from
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IMARC-7. In reality, it is unclear whether there will be much of a continuous water film at all.
In future iterations of IMARC, we intend to refine this diffusion model taking this into account.
After exiting the waste container whether by advection or diffusion, radionuclides in solution are
mixed with all water flowing through the repository before being transported through the
unsaturated zone. While this assumption, by itself, is potentially non conservative, it was found
that there was sufficient dispersion in the UZ and SZ downstream of the repository that
radionuclide concentrations at 18 km are essentially the same whether we assume the
radionuclides are mixed at the time they exit the EBS or not.
2.2.8 Repository Configuration
Dimensions of the repository are modeled as 2500m in the dimension perpendicular to
groundwater flow, and 700m in the dimension parallel to groundwater flow. The unsaturated
zone (UZ) model in IMARC-7 is one-dimensional, so a vertical column through the UZ was
defined to accommodate the fraction of the repository considered wet. To represent widely
dispersed failed containers, this column was allowed to extend over the entire plan area of the
repository (see Figure 2-5). This orientation is potentially optimistic (with respect to calculated
doses) at early times when the possibility exists for a single container to fail directly upstream
from an abstraction well. As modeled, the plume from a single container will be dispersed over
the 2500m wide column, making the dose to the average member of the critical group from that
single container failure lower than otherwise would be. Results presented in IMARC-5 indicate
that this is not a large source of conservatism. Over longer periods of time, when multiple
failures are occurring over the entire repository, and when average concentrations and doses are
calculated, failures over the entire width of the repository are reasonably represented. However,
for regulatory compliance purposes, all radionuclides passing 18 km downstream per year are
assumed to be mixed into 3000 acre-feet of groundwater. In IMARC-7, discharge rates for the
radionuclide plume at 18km were found to be less than 3000 acre-feet per year. Thus, the
orientation used in IMARC-7 does not appear to be optimistic even at early times.
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Figure 2-5
Configuration of the Repository and Flow through the Saturated Zone

2.2.9 Dose Factors
Dose factors are unchanged from the previous version. They are summarized in Table 2-6.

2-11

BriefDescription of the IMARC-7 Code

Table 2-6
Dose Factors for Water Consumption and for All Pathways [(mrem/yr)/(molm 3 )]
Radionuclide

Water consumption only

All pathways

36CI

3.24E6

3.17E7

Se

2.69E6

6.47E7

Nb

8.78E7

2.53E1 1

3.14E6

1.20E7

7.33E6

3.96E7

Cs

2.75E5

2.75E6

Ra

1.84E11

3.12E12

2Th

6.99E10

2.25E12

2.91 E9

3.28E11

2.27E10

1.92E11 (3.07E11")

3u

3.35E8

2.99E10

23u

2.09E8

1.07E10

235u

6.99E4

1.37E7

2.10E6

2.30E8

1.05E4

1.68E6

5.38E7

2.71 E9 (2.71 E9*)

4.OOE10

7.51 El1

6.68E8

3.93E10

79

94

99

Tc

1291

35

1

226

23

•Th

231

Pa

2

23

SU

237

Np

239

Pu

24 0

Pu

242PU
24 1

Am

*

value includes dose from daughter products
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Performance assessments use calculations of radionuclide release and dose to evaluate a
repository's performance, using several formats. The calculations presented in this Section
concentrate on estimating probability-weighted mean annual doses ("dose risks") to the
reasonably maximally exposed individual (RMEI) located 18 km downstream from the
repository boundary from the "normal release" mode only (i.e., volcanism and strong seismic
events have not been considered), and also neglects colloid-aided transport, whose effect is
expected to be minor.

3.1 Potential Importance of Diffusive Releases
For the Yucca Mountain site, radionuclide release from the repository via groundwater will occur
due to advection or diffusion. Advective release requires active dripping of groundwater onto a
breached waste container. Diffusive release merely requires a connected liquid water pathway
from the inside of the breached container out into the host rock. As in previous EPRI Total
System Performance Assessments (TSPAs) for Yucca Mountain, the most recent "Phase 6"
report only considered waste released under advective conditions [EPRI, 2002]. Diffusive
release to a flowing fracture in the surrounding host rock was assumed to be negligible. The
following discussion addresses whether release via diffusive processes can continue to be
ignored.
The potential addition of titanium drip shields above the increasingly robust waste containers
when combined with Yucca Mountain's ard climate should result in relatively few containers
failing and releasing under advective conditions. In fact, the "Phase 6" report predicts only a
13% probability of achieving conditions that cause at least some of the drifts to experience active
dripping of groundwater. The majority of scenarios foresee a "dry" (no active dripping of
groundwater into the EBS (engineered barrier system)) repository in which diffusion is the only
way to move the waste from the EBS to fractures containing groundwater. In the scenarios
where there is active dripping (considered "wet"), only about 1.25% of the repository is "wet".
According to EPRI's current container failure model, approximately 2,000 containers will fail
over the first million years. Of these, an average of only 26 are under active drips. This 80-to-1
ratio in "dry"/"wet" containers made a re-evaluation of previous assumptions prudent.
COMPASS, the source term component of IMARC, was used to run several single container
tests to determine the relative importance of diffusion as compared to advection. The conceptual
model for COMPASS is a set of well-connected regions comprising the EBS. From the inside
out the regions are: inner container containing the waste form and cladding; container wall; drip
shield above a crushed tuff invert; and 2 to 20 meters of intact host rock (depending on the
distance to the nearest flowing fracture within the host rock). Each region is conservatively
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assumed to be in intimate contact with the next such that there is no interface causing resistance
to diffusion. COMPASS uses a "container saturation" term that governs the amount of liquid
water inside a breached container, which, in turn, governs the effective diffusive cross-sectional
area and the amount of each radionuclide in the aqueous phase (when coupled with elemental
solubility limits).
The study presented here uses similar input parameters as those used in the maximum likelihood
wet branch of the Phase 6 analysis [EPRI, 2002]. These parameters include infiltration (20
mm/yr), flow focusing factor (for which 25% of the repository is assumed to receive four times
the area-averaged infiltration rate) and waste form alteration time (3,000 years). For the
diffusive case, the container saturation was assumed to be 3X10-6 with a nine-meter distance to
flowing fracture. Different cladding failure models were applied to the "wet" and "dry"
containers. Both models assume 2.5% initial cladding failure after which time the cladding
immediately continues to deteriorate under wet conditions. The cladding in the dry container
remains intact for an additional 30,000 years before it begins to deteriorate.
release from a single container when only advective or
Figure 3-1 compares 237Np and I291
diffusive transport is considered. There is at least four orders of magnitude difference between
the two neptunium curves suggesting that diffusive release of this nuclide will be negligible even
on a repository-wide scale. The advective curve is controlled by the cladding failure rate, which
stretches the release out over 100,000 years. The relatively low solubility of neptunium restricts
the amount of waste transported by diffusion causing it to release over millions of years. The
release of the highly soluble iodine, on the other hand, is controlled by the cladding failure model
in both cases. The 1291 peak release rate due to diffusion, while comparable in magnitude to the
peak release rate due to advection, is delayed by 60,000 years because of the dry cladding failure
model.
In order to determine the affect of diffusion on a repository-wide scale, container failures over
time must be taken into account. This is important because neptunium releases relatively quickly
under "wet" conditions, but attains a much slower steady state release from "dry" containers.
Over a large time frame, repository-wide diffusive release of neptunium will accumulate as more
containers fail, while repository-wide advective release will tend to stay constant.
Figure 3-2 shows the repository-wide release of 237Np given the simplifying assumption that the
containers fail uniformly at a rate of 2.6 every 100,000 years for "wet" (dripped-on) containers
and 200 per 100,000 years for "dry" containers. (The oscillatory nature of the advective curve is
a modeling artifact due to the initiation of cladding failing over time for each set of failed
containers.) The total advective release reaches a steady state of 2.6 times the single container
level over the million-year duration because the neptunium from one set of containers is depleted
before the next set of containers fail. The release from the dry containers is slow but steady and
builds over time as more containers fail. At a million years the repository-wide release from
advection is on average 2.6 times greater than the single wet container rate, but the
corresponding release from diffusion is 2,000 times greater than the single dry container curve.
Even with the large increase however, diffusive release is still only a fraction of the total
repository-wide release of neptunium.
The diffusive release of 1291, on the other hand, dominates the repository-wide release. When
using the same assumptions as above, Figure 3-3 suggests that diffusive release is generally
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higher than advective release in early times and is nearly two orders of magnitude greater after
50,000 years. As mentioned above, the cladding failure rate controls the release of iodine in both
the "wet" and "dry" scenarios, meaning that this difference is due primarily to the 80-to-i
"dry"/"wet" container failure ratio. Iodine was a fairly minor contributor to the total dose in the
Phase 6 report, however with the addition of diffusive transport it will rival neptunium in
importance in future TSPAs.
Thus, these simple and extremely conservative calculations suggest that diffusive transport may
be important particularly for high solubility nuclides such as iodine. Its relative importance at
Yucca Mountain is magnified even more in the likely event that the repository remains largely
"dry" (free of dripping groundwater) since diffusion will likely be the only means of transporting
waste from the EBS to a flowing fracture for the vast majority of the waste.
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='Np, Single Container and Repository-wide Advective and Diffusive Transport, with
Cladding
The importance of radioelement solubility in determining the relative importance of diffusive
versus advective release in the full IMARC-7 model are shown in Figures 3-4 through 3-6.
Figure 3-4 shows the repository-wide release rates from the EBS of -'29 due to diffusion and
advection. Early release rates are from the single container that is assumed to have failed at the
time of emplacement; release rates at later times are due to increasing numbers of containers that
are assumed to have failed. Iodine has a very high solubility. Thus, its diffusive release
component is larger than due to advection using the very conservative diffusive release model in
IMARC-7. At early times, up to 10,000 years, 1291 release rates due to diffusion are well more
than an order of magnitude larger than release rates due to advection. At one million years, 1291
diffusive release rates are nearly two orders of magnitude larger.
The situation is reversed in Figures 3-5 and 3-6, which show diffusive and advective release rates
for 237Np and 239pu, respectively. Neptunium has a solubility approximately four orders of
magnitude smaller than iodine; plutonium solubility is approximately four orders of magnitude
lower than that for neptunium (see Table 2-3). For these lower solubility radioelements,
diffusive release - even using this conservative diffusion model - is much smaller than advective
release. Thus, it appears the current diffusive release model in IMIARC-7 is likely
overestimating release and dose contributions from only highly soluble radioelements, such as
iodine, technetium, and selenium.
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The above analyses of the relative importance of diffusion points to'the need to be able to
adequately model diffusive processes in the EBS in future iterations of the IMARC code. The
way diffusion is handled in IMARC-7 is extremely conservative because we assume a well
connected diffusive pathway all the way from the waste form, through the EBS, and out to the
nearest flowing fracture in the near-field host rock. We feel assuming such a well-connected
pathway involving an assumption of intimate contact of each component of the EBS is
conservative for the following reasons:
"* Even in a humid environment, most surfaces will have a water film of extremely limited
thickness. Thicknesses are expected to be perhaps few nanometers - likely no more than one
micron. This will provide for only a very limited diffusion cross-section;
"* Container breaches may be more likely near the ends of the containers in the welded areas.
The waste form is not located at the ends of the containers. Furthermore, the geometry of the
container internals is fairly complicated. Thus, there will likely be a long, lateral diffusive
pathway required to reach the container breach. In our current model, we assume the
diffusive pathway passes radially out of the container - the shortest possible pathway;
"

Assuming the container pedestal is intact, there are a very limited number of pathways to
support a water film to allow diffusion along the surface of the pedestal. In the current
model, we assume the pedestal does not exist and that the outside of the container is in
intimate contact with the invert;

Thus, it is not certain that there will be more than, at most, a few fully-connected water pathways
from the waste form all the way out of the EBS unless the container, pedestal, and all the
container internals have collapsed into intimate contact with the invert. Even with some rockfall,
complete collapse of the EBS components to generate significant diffusive pathways will not
likely occur for tens to hundreds of thousands of years or longer. Thus, we feel the current
diffusion model in IMARC-7 is extremely conservative - especially at earlier times when the
structural integrity of the EBS components is more certain. However, at this time we have not
yet developed an alternative, more realistic diffusive release model. Thus, we have employed
this conservative diffusive release model in IMARC-7.
3.2 Dose Risk Results Using All IMARC Branches
3.2.1 "Base Case" Results for All Branches and All Radionuclides
The first set of results is for calculations made using all 108 branches of the logic tree. Figure 3-7
is the probability-weighted mean annual dose contributed by the ten radionuclides that contribute
the most to dose from all exposure pathways considered in the biosphere model - the "base
case".4 This figure indicates that the peak RMEI dose rate during thefirst 10,000 yearsfrom the
normal release scenario is on the order of i0O millirem per year. This is four orders of
magnitude below the 10 CFR Part63 dose limit of 15 millirem peryear. The primary
" The U-236 curve does not appear on this figure because it lies directly under the U-238 curve. It so happens that
the product of the ratio of the number of moles of each radionuclide times the ratio of the dose conversion factors for

these two radionuclides [Ci/mole] is very nearly one.
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contributors to the 10,000-year peak dose rate are due to 1-129 and Tc-99 released via diffusion
from 2.5% of the spent fuel inside a single container assumed failed at emplacement.5 Iodine and
technetium are highly soluble and do not sorb significantly on any of the engineered or natural
materials along the 18+ kilometer flow path. Since releases from the waste form begin
immediately (actually in the time step beginning at 1000 years), this figure suggests there are
processes at work other than those related to the drip shield or containerthat cause the initial
peak dose risk to be delayed nearly 10, 000 years. As was shown in Figures 3-1 and 3-3, it takes
several thousand years for the diffusive flux at the exit of the EBS to peak. This is due partly to
an approximate 3000-year mean alteration time for the waste form itself, which governs the rate
at which 1-129 becomes available for diffusion, coupled with the diffusion time from the inside
of the container to the edge of the EBS. The remainder of the delay is due to travel time through
the UZ and SZ.

a)

a)
0+,,,

0D

l0

104

101

10)6

Time (years)
Figure 3-7
Probability-Weighted Mean Annual Dose Versus Time 18 km Downstream, All Exposure
Pathways
As discussed at the end of the previous chapter, the majority of the dose due to 1-129 and Tc-99
is via diffusion using an extremely conservative diffusive release model. Thus, it is likely that we
5 As discussed in Chapter 2, 2.5% of the cladding is assumed failed at emplacement inside each container.
Essentially no additional cladding is assumed to fail beyond this initial amount for several tens of thousands of
years. Similarly, no additional container failures are assumed to occur for nearly 100,000 years.
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have significantlyoverestimated the peak dose from the "nonnal release" scenario during the
first 10,000 years. Based on 1-129 diffusive versus advective release rates shown in Figure 3-4,
the 10,000-year peak dose may be overestimated by nearly two orders of magnitude.
It is important to keep in mind that the magnitude of the dose risk peak within the first 10,000
years is strongly dependent on the available source term. The magnitude of this 10,000-year
peak is almost directly proportional to the number of containers assumed failed and the fraction
of cladding assumed failed at the time of emplacement. In IMARC-7, we have assumed one
container and 2.5% of the cladding is failed at emplacement. If, for example, ten containers were
failed at emplacement, the 10,000-year dose would be about ten times higher. However, even
with the use of a very conservative diffusion model there is approximately four orders of
magnitude margin below the Part 63 dose risk limit. Thus, even if we assumed 100% of the
containerswere failed at emplacement, or 100% of the cladding wasfailed at emplacement, the
dose risk at 10,000 years would still not exceed 15 millirem peryear - even with the use of a
conservative diffusion model.
The peak probability-weighted mean dose rate to the RMEI at 18 km at later times in Figure 3-7
is slightly above 3 millirem per year, and occurs at approximately one million years. This is
about two orders of magnitude below natural background radiation levels. Thus, the RMEI's
total dose risk would never exceed naturalbackgroundby more than about one percent due to
the normal release scenario. The primary contributors to the one million-year dose risk are I
129 and Np-237 (and its daughters). The Np-237 chain dose contribution comes almost entirely
from advective release (i.e., from groundwater flowing through failed containers), since its lower
solubility tends to limit diffusive release. Diffusive release contributions for 1-129 still dominate
those due to advection at one million years in our model (see Figure 3-4). Since it is likely we
are overestimating diffusive releases, it is likely that we have also overestimated the peak dose
risk at one million years, although by a lesser amount than at 10,000 years.
10 CFR Part 63 requires DOE to assume the annual amount of radionuclides passing the 18
kilometer site boundary are mixed in 3000 acre-feet of water. Figure 3-8 is a revision of Figure
3-7 based on this Part 63 requirement. Dose risks are approximately a factor of four lower than
in Figure 3-7. This is because the plume volume in Figure 3-7 is about 750 acre-feet per year.
Part 63 also contains a groundwater protection provision. Groundwater concentration limits and
an individual drinking water dose criterion are specified based on a plume size of 3000 acre-feet
per year. Figure 3-9 shows the dose risk due to the drinking water pathway only - also for an
assumed plume size of 3000 acre-feet per year. The 10,000-year dose risk is approximately 104
millirem per year. The peak dose risk is approximately 10. millirem per year. For the drinking
water pathway only, 1-129 and Tc-99 dominate dose at both 10,000 and 1,000,000 years,
although this would likely not be the case for the one million year peak with a less conservative
diffusion model.
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3.2.2 "One-Off" Sensitivity Studies for Individualand All Radionuclides
3.2.2.1 1-129 Sensitivity Studies
This section examines the effect on dose risk by fixing the values of each of the branches in the
IMARC-7 logic tree one set of branches at a time. It is useful to examine a few radionuclide
specific sensitivities before jumping into the sensitivity studies involving many radionuclides at
once. Figure 3-10 examines the sensitivity of the dose risk due just to 1-129 to the three branches
of net infiltration. The initial peak arrival time is delayed, but the peak height is increased for the
lower infiltration rates compared to the higher rates. These effects are largely due to the
saturated zone model in IMARC-7. The SZ model is just 200 meters deep and has no flow
boundaries on the bottom and sides. Furthermore, the net infiltration rate through the repository
is also assumed to be the recharge rate above the entire SZ model domain. Thus, higher
infiltration (and recharge) rates cause an acceleration of the specific discharge rate from the
downstream end of the SZ model, and also cause more dilution as more groundwater flows
through the SZ model. If, for example, we had chosen a SZ model with a vertical depth
significantly larger than 200 meters, it is likely that both the peak height and arrival time
sensitivities shown in Figure 3-10 would be diminished.
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Figure 3-10
"I21Dose Risk Sensitivity to Net Infiltration Rate, All Exposure Pathways

The UZ/SZ retardation figure is not shown since iodine has essentially zero sorption onto the
natural mineral surfaces, there is no sensitivity to this factor.
Figure 3-11 shows the 1-129 dose risk sensitivity to the assumed seepage fraction and flow rate.
For 1-129 there is little sensitivity to either of these factors since release of 1-129 is diffusion
dominated. Diffusive release is essentially independent of the number of containers that
experience active dripping or the flow rate of the drips. The sensitivity of 1-129 dose risk to
focused flow factor is also negligible for the same reason.
Figure 3-12 shows the 1-129 dose risk sensitivity to solubility and waste form alteration time.
Since iodine is highly soluble and is not treated with uncertainty in IMARC-7, this figure shows
just the effect to uncertainty in waste form alteration time. There is only a small effect due to
alteration time. The initial peak arrival for the 5000-year alteration time case is delayed a few
thousand years compared to the initial peak arrival time for the 1000-year alteration time case.
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3.2.2.2 Np-237 Sensitivity Studies
The Np-237 dose risk sensitivities to each of the IMARC-7 logic tree nodes are given in the
Figures 3-13 through 3-17. Figure 3-13 shows the Np-237 dose risk sensitivity to net infiltration
rate. The general behavior of Np-237 is similar to that for 1-129 except that the travel times for
Np-237 are longer, owing to the ability of neptunium to sorb onto most of the mineral types
along the groundwater flow paths.
Figure 3-14 shows the sensitivity to this neptunium sorption (matrix retardation). Higher
retardation values for neptunium result in longer times before the peak dose risk is achieved.
Additional delay times for the plume to begin arriving 18 km downstream of tens of thousands of
years are shown in this figure. As would be expected. however, matrix retardation does not
affect the Np-237 dose risk peak height since the half-life of Np-237 is longer than the additional
delay time.
Unlike the high solubility iodine case shown in Figure 3-11, the Np-237 dose risk sensitivity to
seepage fraction and flow rate, shown in Figure 3-15, is significant. Since neptunium is
solubility-limited and release is dominated by advection, increasing the fraction of containers
that are dripped on and/or increasing the flow rate of the drips increased the release rate of Np
237 from the waste form. Thus, the Np-237 peak dose risk (at one million years) is more than
ten time higher for the "maximum" case than it is for the "peak" case.
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The sensitivity of the Np-237 dose risk to the assumed focused flow factor is shown in Figure 3
16. The peak dose risk is slightly higher for a flow focusing factor of 4 compared to no flow
focusing. This is because the higher flow rates in the focused flow case cause more release of
Np-237, which is solubility-limited.
Figure 3-17 shows the sensitivity of Np-237 dose risk to the neptunium solubility limit and waste
form alteration rate. The fact that all three curves are close together at times up to approximately
500,000 years indicates Np is alteration rate-limited. In addition, diffusive release for only the
"high" Np solubility limit case dominates over advective release. For "low" and "moderate" Np
solubility limits, advection dominates release. In the case of advection-dominated release at very
late times, the repository-wide release rate of Np-237 becomes more or less steady. This is
because the container failure rate at long times becomes more or less steady. The Np inventory
from containers failing early has been completed in those containers subject to advective release
(dripped on by flowing groundwater). Thus, the repository-wide release rate becomes relatively
steady. However, for the "high" solubility limit case in which diffusive release dominates,
diffusive release is occurring from more and more containers as more and more containers
continue to fail over time. Because diffusive release is relatively slow, the Np inventory is not
depleted from those containers that failed earlier. Thus, the repository-wide release rate, and
hence the dose-risk, continues to increase with time. This is why the "high" Np solubility limit
curve continues to increase with time while the other two curves level off.
3.2.2.3 "One-Off' Sensitivity Studies Involving All Radionuclides
The sensitivity studies involving all radionuclides are shown in Figures 3-18 through 3-21.
Figure 3-18 shows the overall dose risk sensitivity to net infiltration. As expected, this figure is
similar to that for 1-129 (Figure 3-10) at early times and to that for Np-237 (Figure 3-13) at later
times. This is because 1-129 (and Tc-99, which behaves similarly to 1-129) dominates total dose
at early times, whereas Np-237 and its daughters dominate total dose at later times.
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Sensitivity of All Radionuclides to Net Infiltration, All Exposure Pathways

The sensitivity of all radionuclides to retardation is shown in Figure 3-19. For the dose risk case
involving all radionuclides, there is very little sensitivity to matrix retardation. This is because
matrix retardation does not affect iodine and technetium that contribute to the early total dose.
By later times, when Np-237 and its daughters begin contributing to the total dose risk, Np-237
is already nearing its peak no matter what value of matrix retardation is chosen. It is likely that
the sensitivity to matrix retardation involving all radionuclides is suppressed due to the
conservative treatment of diffusion in IMARC-7, that helps keep the contribution to total dose
from 1-129 high at all times up to one million years. However, it is likely that there is no
sensitivity to matrix retardation ahead of 10,000 years for the range of matrix retardation values
selected.
Figure 3-20 illustrates the dose risk sensitivity to the seepage fraction and flow rate into the drifts
for all radionuclides. Again, this figure is consistent with Figures 3-11 and 3-15, which are the I
129 and Np-237 sensitivities for seepage fraction and flow rate. Figure 3-19 looks similar to
Figure 3-11 at early times and Figure 3-15 at later times. However, there appears to be little
sensitivity to either seepage fraction or flow rate through the drift at times earlier than 10,000
years. Given that it takes more than 10,000 years for Np-237 and its daughters to begin arriving
at 18 km, it seems that this conclusion will hold true even for a case using a more realistic
diffusion model.

3-18

Main IMARC-7 Results and Sensitivity Studies

I

En

C.)
0

Time (years)
Figure 3-19
Sensitivity of All Radionuclides to Matrix Retardation, All Exposure Pathways
10"
102
101
C.)

0

100

C.)
C=.)

C.)

0

10-1
10-2

10-3

10-5

10-6

Time (years)
Figure 3-20
Sensitivity of All Radionuclides to the Seepage Fraction and Flow Rate into the Drifts, All
Exposure Pathways

3-19

Main 1MARC-7 Results and Sensitivity Studies

The sensitivity to the focused flow factor is small (less than a factor of two) at all times up to one
million years. This is also consistent with the individual 1-129 and Np-237 sensitivities to this
effect. Similarly, the sensitivity of dose risk to solubility and waste form alteration time for all
radionuclides, shown in Figure 3-21, is consistent with the 1-129 and Np-237 sensitivities shown
in earlier figures.
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ASSESSMENT OF MULTIPLE BARRIERS

A key aspect of evaluating the suitability of the Yucca Mountain repository system is to identify
the key barriers to radionuclide release in the system. In their final regulation for Yucca
Mountain, 10 CFR Part 63 [NRC, 2001], the US Nuclear Regulatory Commission (NRC) states:
§63.102 (h): "Multiple barriers.§63.113(a) requires that the geologic repository include
multiple barriers, both natural and engineered. Geologic disposal of HLW is predicated
on the expectation that one or more aspects of the geologic setting will be capable of
contributing to the isolation of radioactive waste and thus be a barrier important to waste
isolation.... A description of each barrier's capability (e.g., retardation of radionuclides
in the saturated zone, waste package lifetime, matrix diffusion in the unsaturated zone),
as reflected in the performance assessment, provides and understanding of how the
natural system and engineered barriers work in combination to enhance the resiliency of
the geologic repository. The Commission believes that this understanding can increase
confidence that the performance objectives ... will be achieved and that DOE's design
includes a system of multiple barriers."
Thus, multiple barriers are required, some of which must be natural, and some must be
engineered. The barriers important to waste isolation must be identified, quantified, and
defended. NRC defines a barrier as follows:
Barriermeans any material, structure, or feature that, for a period to be determined by
NRC, prevents or substantially reduces the rate of movement of water or radionuclides
from the Yucca Mountain repository to the accessible environment, or prevents the
release or substantially reduces the release rate of radionuclides from the waste. For

example, a barrier may be a geologic feature, an engineered structure, a canister, a waste
form with physical and chemical characteristics that significantly decrease the mobility of
radionuclides, or a material placed over and around the waste, provided that the material
substantially delays movement of water or radionuclides. [1OCFR63, §63.2]
What is not defined by NRC is what "substantially" means. This is appropriate since any
quantification of barrier performance requirements could easily turn into a set of subsystem
performance requirements. The National Academy of Sciences panel on the Technical Bases for
Yucca Mountain Standards specifically cautioned against the setting of subsystem performance
requirements [NAS, 1995]. However, it seems that a "substantial" effect should be one that
affects the dose risk to within at least an order of magnitude of the dose limit. Since the dose
limit is 15 millirem per year, a "substantial" effect could be one that affects the dose risk by, for
example, at least one millirem per year or more. Certainly delaying the release of radionuclides
can reduce the dose risk by allowing for a lowering of the source term via radioactive decay.
Similarly, reducing the release rate will, in many cases, lower the radionuclide concentration in
the groundwater. Thus, it can be argued that both of these barrier functions do, indeed, have a
relationship to dose risk. However, other features and processes of the Yucca Mountain system
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can act to reduce the groundwater concentration via dilution. These, too, could be considered a
"barrier" in the sense that they act to reduce the individual dose risk. Thus, for the purposes of
analysis in this chapter, the definition of a "barrier" will be expanded to include any single or
readily distinguishable suite of features, events, and processes (FEPs) that act to substantially
reduce groundwater concentrations via dilution.
The purpose of this chapter is to provide analyses using the IMARC code and other analyses to
identify a set of natural and engineered 'barriers' upon which to build a safety case for Yucca
Mountain. Two approaches will be used. The first approach is to provide information on
specific barriers regarding their potential to delay or reduce the rate of radionuclide release or
transport. Since this approach does not shed light directly on the relevance to reducing dose risk,
a second approach, termed barrier "neutralization" will also be used. While admittedly artificial,
the numerical device of barrier neutralization is useful for shedding light, in a conceptual
manner, on the true importance of individual barriers. Like a 'partial' neutralization or
'degraded' barrier performance analysis, none of these techniques represent the 'expected'
behavior of the repository system, so they can all be considered artificial. The advantage of a full
barrier neutralization approach is that it sometimes helps identify other barriers that are thought
to be of only minor importance using more traditional sensitivity analyses, such as those
presented in the previous section. As will be shown in this section, this approach has identified
potentially important barriers that may have otherwise been ignored.
The neutralization analyses presented here take on two forms. The first is the more common
approach to barrier neutralization where a single or, at most, a handful of related barriers are
assumed to be non-functional. The second form is what we termed a "Hazard Index" approach
when we first presented it in EPRI [1998], chapter 14, with revisions in Chapter 13 of EPRI
[2000]. This second form is the successive addition of barrier function after barrier function until
the entire suite of repository FEPs have finally been added. We note whether the magnitude or
timing of the peak theoretical dose rate is changed by the addition of each barrier to gauge the
potential importance of each of the barriers added.

4.1 Candidate "Barriers"
The following set of candidate barriers will be considered for their ability to delay radionuclide
release, slow the rate of radionuclide release, slow the rate of radionuclide transport through the
Yucca Mountain system, or dilute the concentration of radionuclides in the groundwater prior to
entering the biosphere:
IWaste form (UO, mnatrix):6 This is considered an "engineered" barrier. The waste form itself
contains within its matrix the bulk of the radionuclides (fission products and actinides) of
concern. When groundwater contacts the waste form, the radionuclides within the waste
form are not released immediately. Rather, it takes some time for the waste form to fully
react with the groundwater and "alter" into secondary phases, creating the opportunity for the
radionuclides to escape if other conditions are met.
6In

this analyses, we only consider commercial spent nuclear fuel (CSNF). Other waste forms are also slated for
disposal at Yucca Mountain, as well. However, the CSNF contains the bulk of the radioactivity destined for Yucca
Mountain, and is of specific concern to the commercial nuclear industry.
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Unsaturatedzone propertiesabove the repository: This is considered primarily a "natural"
barrier. The UZ above the repository has many features that can act as a barrier. They are
treated individually in some IMARC-7 analyses as follows:
-

Limitedflowing groundwater contact: The nature of the unsaturated zone is there are
opportunities for capillary barriers to prevent groundwater from flowing through certain
areas of the repository. Groundwater flow has been found to occur in a limited number
of fractures. Furthermore, the large diameter, air-filled disposal drifts themselves act as
excellent capillary barriers. The result is likely to be that groundwater will be able to drip
into the drifts at a limited number of places. Hence, much of the waste will not be
contacted by flowing groundwater, which will greatly reduce the release rate.

-

Groundwater: The groundwater itself acts to slow the release of some radionuclides
from the waste form via solubility limits and limited groundwaterflow rates past the
wasteform. Solubility-limited radioelements (e.g., Np, Pu, U) will be released at a rate
that is a function of the solubility limit and the groundwater flow rate past the waste
form. Other radioelements (e.g., Tc, I, Se, Cl) have a very high solubility, such that their
release rate away from the waste form is not significantly retarded by the groundwater.

"

Cladding covering the waste form: This is an "engineered" barrier. The cladding prevents
groundwater from contacting the waste form, thereby preventing release. The cladding is
expected to degrade very slowly before "failing" (failure being a hole through the cladding
large enough for there to be significant contact between groundwater and the waste form).
Furthermore, it is expected that the cladding will not fail all at once. Rather, the failures are
expected to be distributed over thousands to tens of thousands of years. Thus, cladding acts
to both delay and limit the release of radionuclides from the waste form.

"

Containers(or "waste packages"): This is an "engineered" barrier. The metal containers
into which the CSNF and other waste forms will be placed are expected to prevent
groundwater contact with the cladding for a very long time. Like cladding, container failures
are expected to be distributed over a very long period of time, such that containers both delay
and limit the release rate of radionuclides.

"* Drip shields: This is an "engineered" barrier. The drip shields will delay the time at which
groundwater can begin contacting the containers. Drip shields are also expected to last a
long time and their failures are expected to be distributed over a very long time rather than
failing all at once. Thus, drip shields also can both delay and limit radionuclide release rates.
"* Otherfeatures of the EBS (engineeredbarriersystem): These are "engineered" barriers. Two
other features of the EBS act as barriers:
-

EBS sorption: EBS solid surfaces act to sorb some radionuclides: Sorption acts to retard
the movement of the sorbed radionuclides.

-

Tortuous diffiision pathways through the EBS: As described in earlier chapters of this
report, diffusive release from the waste form through the EBS out to the nearest flowing
fracture in the near-field fracture host rock is possible. However, the nature of the EBS
geometry and materials act to limit the diffusive release rate.

"* Waste packages dispersedthroughout the repositoryfootprint: This is a combination of an
"engineered" and "natural" barrier. The fact that not all the waste is located at a single point,
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but is spread out over a large area provides the opportunity for dilution of radionuclides in a
larger amount of groundwater.
"

Unsaturatedzone below the repository: This is a "natural" barrier. The limited groundwater

flow rate through the unsaturated zone acts to limit the rate of radionuclide transport.
Furthermore, many radionuclides (e.g., Np, Pu, U, Cs, Sr) are sorbed to some extent on the
mineral surfaces along the groundwater flow paths. This further acts to slow transport rates
for the sorbed radionuclides.
"

Saturated zone below the repository: This is a "natural" barrier. The same properties that act

in the unsaturated zone also act in the saturated zone. Thus, the saturated zone acts to slow
radionuclide transport rates. In IMARC-7, the saturated zone is assumed to be composed of
13 kilometers of fractured porous, tuff in the upstream section, and five kilometers of
alluvium in the remaining downstream distance to 18 kilometers. In some of the barrier
analyses to follow, the saturated zone is divided into three sections: the first five kilometers
of the fractured, porous tuff, the remainder of the fractured, porous tuff, and the five
kilometers of alluvium.
While not a "barrier", the biosphere is treated in some of the ensuing barrier analyses to illustrate
how calculated doses increase when exposure pathways other than drinking water are included.
These pathways include ingestion of foods produced directly or indirectly from agricultural land
irrigated with contaminated groundwater.
4.2 Barrier Retention Times and Release Rates
4.2.1 Waste Form Alteration Rates
As described in Chapter 2, the UO 2matrix does not instantly release the radionuclides contained
within it as soon as it is contacted by groundwater. Rather, it is assumed that it takes the UO,
matrix 1000 to 5000 years to alter to its secondary phases, during which time the radionuclides
trapped in the original UO, matrix are released. Thus, the average rate of release is 0.0002 to
0.001 of the full inventory per year.'
4.2.2 UnsaturatedZone Above the Repository
The UZ above the repository, along with the fact that the disposal drifts are air-filled, prevent, in
most "base case" scenarios, the majority of the waste from being contacted by flowing
groundwater. While the fraction of the repository that is "wet" (i.e, contacted by flowing
groundwater) varies from zero up to a little over 20% depending on the assumed net infiltration
rate, amount of flow focusing, and seepage distribution, the probability-weighted average
fraction "wet" is only 1.35%. For the "dry" zones (zones which are only contacted by humid
air), only diffusive release is possible. If diffusive release was neglected, the UZ barrier above
the repository would limit the probability-weighted available inventory to just 1.35% of the full
7 This

neglects the "instant release fraction" of a few radionuclides that are assumed to exist largely on or very near

the waste form surface. IMARC-7 explicitly considers this release fraction. However, it has not been found to be of
any significance to RMEI dose risk at 18 km.
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inventory. For solubility-limited radioelements, such as Np, U, and Pu, this is the case. For
other radioelements with high solubility limits, such as I and Tc, diffusive release may be
significant such that there is, effectively, a higher available inventory of these high solubility
radioelements. Thus, the UZ barrier above the repository limits the release of the entire
inventory as follows:
"* Solubility-limited radioelements: 1.35%
"* High solubility radioelements: >1.35% (-100% in the current IMARC-7 model that
overestimates diffusive releases)
The other component of the UZ barrier above the repository are solubility limits in combination
with flow rates past the altered waste form. Some examples of the fractional release rates are
found in Table 4-1. This table shows fractional release rates for three radioelements with
significantly different solubility limits and for a range of groundwater flow rates past the waste
form. Release rates for plutonium are very slow; those for iodine are essentially instantaneous.
Neptunium release rates are intermediate. The release rates shown in Table 4-1 should be
considered upper limit release rates as it is likely that not all groundwater entering a failed
container will come into contact with the waste.
Table 4-1
Fractional Annual Release Rates (in bold) for Various Combinations of Solubility Limits and
Groundwater Flow Rates
Assumed Groundwater Flow
Rate [m3/yr]
Radionuclide Inventory*

Solubility

[moles/container] [mol/m 3]
Np-237

Pu
(4 isotopes)

1-129

0.1

1

10

17 8.4E+00

4.9E-02

4.9E-01

1

8.4E-02

4.9E-04

4.9E-03

4.9E-02

4.2E-03

2.5E-05

2.5E-04

2.5E-03

250 8.30E-04

3.3E-07

3.3E-06

3.3E-05

8.30E-06

3.3E-09

3.3E-08

3.3E-07

8.30E-08

3E-111

3.3E-1 0

9.7 7.80E+01

8.OE-01

1

.oE-09
1

*approximate, for illustration
4.2.3 Cladding
The cladding failure rate as a function of time was shown in Figure 2-3. At the time of
repository closure it is assumed that 2.5% of the cladding is failed. Thus, 2.5% of the waste form
could be exposed to groundwater assuming groundwater was able to enter inside the container at
the time of repository closure. However, the failure rate of the cladding is assumed to be quite
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slow. Assuming the cladding is dripped on, the time at which 50% of the cladding fails is
between 20,000 and 30,000 years. Assuming the cladding is not actively dripped on by flowing
groundwater, no significant amounts of additional cladding are assumed to fail for over 30,000
years; the time at which 50% of the cladding fails is about 70,000 years. Peak cladding failure
rates are on the order of 10-4 per year.
4.2.4 Waste Packages
The waste package failure rate was shown in Figure 2-2. At the time of repository closure it is
assumed one waste package has failed. However, the rate of additional waste package failure
after that is assumed to be extremely slow. After one million years it is assumed that only about
30% of the waste packages have failed. The peak failure rate is on the order of 10-7 per year.
4.2.5 Drip Shields
The drip shield failure rate was also shown in Figure 2-2. At the time of repository closure it is
assumed one drip shield has failed. However, the rate of additional drip shield failure is also
slow. About half of the drip shields are assumed to be failed after about 70,000 years. The peak
failure rate is on the order of I0W per year.
4.2.6 Other Featuresof the EBS
As was discussed in Section 4.2.2, it is likely that the majority of the disposal drifts will not
experience active groundwater flow. Radionuclides in the exposed waste forms in these "dry"
areas will only be able to get out via diffusion through the inside of the container, down the
pedestal, through the invert, and to the nearest fracture with flowing groundwater. Sorption of
some radioelements on EBS surfaces will further slow the diffusion process. Even using the
conservative diffusion model in IMARC-7 that overestimates the diffusive release, diffusion
time' to the nearest flowing fracture for 1-129 (a non-sorbing element) is on the order of 1000
years. Diffusion times are ten or more times longer for sorbing species like Np and Pu.
4.2.7 Waste Packages Dispersed Throughout the Repository Footprint
The radionuclide concentration in the groundwater plume exiting the EBS will be partially mixed
with uncontaminated groundwater passing by the repository that did not come into contact with
the waste. The maximum amount of dilution that can occur by spreading out the containers
across the repository footprint is on the order of 104 . This number represents the ratio of the
groundwater flux contacting waste packages to the total groundwater flux passing through the
repository footprint. While this amount of dilution immediately below the EBS is certainly an
overestimate, previous analyses presented by EPRI suggest that the radionuclides will very likely
be well dispersed across the entire repository width by the time the plume reaches 18 km
downstream. Thus, this amount of dilution is reasonable if it is considered to be the ratio of the
' The diffusion times indicated here are the times at which the diffusive flux exiting the EBS has increased to 10% of
the peak diffusive flux.
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radionuclide concentration in ihe groundwater 18 km downstream-to that in the groundwater
exiting the EBS. However, it may not be appropriate to "credit" the repository system with this
amount of dilution given the regulatory requirement to assume all radionuclides passing by the
18 km boundary annually are mixed into 3000 acre-feet of water. From a regulatory compliance
standpoint, whether one assumes the dilution occurs naturally within the Yucca Mountain
system, or just when mixing into 3000 acre-feet of water, the calculated dose risk may be similar.
4.2.8 UnsaturatedZone Below the Repository
The travel times through the unsaturated zone for the "low", "moderate", and "high" net
infiltration assumption are shown in Figure 4-1, 4-2, and 4-3, respectively. For these figures, a
1000-year-long pulse of each radionuclide was applied at the edge of the EBS beginning in
model-year 1000, and the concentration passing the UZ/SZ boundary was calculated as a
function of time. For the "low" net infiltration rate, the travel time through the UZ for 1-129 and
Np-237 is approximately 2000 years; the travel time for Pu-239 is approximately 3000 years. As
would be expected, shorter travel times are found for the higher net infiltration rates. Table 4-2
summarizes the UZ travel times.

Concentration at the UZJSZ Boundary
assuming a 1,000 year 1 Molelm3 Spike beginning at year 1,000 and Low Infiltration
I

C-,

E

C

0

U

1O E-08 4
1 OOE+03

.

I

I

I

I

II

"

I

1 OOE+04

I

I

1 OOE+05

1 OOE+06

lime (years)

Figure 4-1
Unsaturated Zone Breakthrough Curves, "Low" Net Infiltration (highest peak curve: 1-129
and Np-237; curve with lower peak: Pu-239)
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Concentration at the UZJSZ Boundary
assuming a 1,000 year 1 Mole/m3 Spike beginning at year 1,000 and Moderate Infiltration
1 OOE-03

1 OOE-04

S

1OOE-05

'1OOE-06

1 OE-07

I OOE-08 4

1 OOE403

1 OOE404

1 00E+05

1 0OE+06

Time (years)

Figure 4-2
Unsaturated Zone Breakthrough Curves, "Moderate" Net Infiltration (highest peak curve: I
129 and Np-237; curve with lower peak: Pu-239)

Table 4-2
Summary of UZ Travel Times as a Function of Radionuclide and Net Infiltration Rate
[years]
Net Infiltration "Rate"
Radionuclide

"Low"

"Moderate"

"Hiigh"

1-129

2000

1500

1200

Np-237

2000

1500

1200

Pu-239

3000

2000

1500
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Concentration at the UZ/SZ Boundary
assuming a 1,000 year I Mole/m3 Spike beginning at year 1,000 and High Infiltration
1DOE-03

1 OOE-04

R

E

E

1 OCE-05

0

1 OOE-07

1i00E-08 4
1 OOE+03

1 OOE+05

1 OEE404

1 00E+06

Time (years)

Figure 4-3
Unsaturated Zone Breakthrough Curves, "High" Net Infiltration (highest peak curve: 1-129
and Np-237; curve with lower peak: Pu-239)

4.2.9 SaturatedZone
The approximate groundwater travel time through the combined unsaturated and saturated zone
is shown in Figure 4-4. This figure shows that the SZ travel time for 1-129 (a non sorbing
radioelement) is approximately 500 years (2000 years for both UZ and SZ travel time less 1500
years UZ travel time only from Figure 4-2). The SZ travel time for Np-237, that sorbs somewhat
on SZ minerals, is approximately 7500 years. The Pu-239 pulse was attenuated by sorption
sufficiently that its peak does not show up on this figure.
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Concentration at the 18 km Accessible Environment
assuming a 1,000 year I Molelm3 Spike beginning at year 1,000 and Moderate Infiltration
1 OOE-03

1 mOE.04

100E-05

'-3

1 OOE-06

1 OCIE-07

1I OE-038
1 OOE+03

1 OOE+04

1 OOE+05

1 OOE+06

"rime (years)

Figure 4-4
Saturated Zone Breakthrough Curves, "Moderate" Net Infiltration (left curve: 1-129; right

curve: Np-237: Pu-239 concentration did not exceed 10' mole/m3 )

4.2.10 Summary of BarrierRelease Rate and Retention Time Analyses
Each of the nine major barriers evaluated above contributed either to limiting the amount of
inventory that could be released, or delayed the release or travel time of the released
radionuclides. Often, the effects are dependent on the radionuclide type since the solubility or
sorption potential of the radionuclide affects its release rate and mobility, respectively. The
barriers are grouped by function as follows:
" Liniting availableinventory that can be released: UZ above the repository (1.35% of
inventory will, on average experience dripping groundwater)

"

Limiting the release rate of the inventory:
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-

Waste form: 0.0002 to 0.001 per year

-

Cladding: -104 per year peak failure rate

-

Waste packages: -10

-

Drip shields: -104 per year peak failure rate

7

per year peak failure rate
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-

"

"

UZ above the repository: combination of limits on solubility and groundwater
flowing past the altered waste form causes annual release rates from -10"' to near
instantaneous release depending on the radioelement and the flow rate

Limiting radionuclidetravel time to the biosphere:
-

EBS components affecting diffusion time out of EBS: diffusion times of 10' to -10
years out of the EBS (depending on a number of factors including sorption,
diffusivities, and distance to nearest flowing fracture)

-

UZ below repository: 1200 to 3000 year travel time (depending on radionuclide and
net infiltration rates)

-

SZ: 500 to >>9000 years (depending on sorption)

Dilution: Waste packages dispersed throughout the repository footprint (dilution factor up to
104)

4.3 Barrier "Neutralization" Analyses
While Section 4.2 provided an analysis of barrier function in terms of effects on waste isolation,
limiting release rate or radionuclide travel time, or dilution, these effects cannot always be
directly translated easily into the effect on dose risk. Dose risk is a better measure of the safety
of the Yucca Mountain site, as well as being limited by regulation. In addition to the dose risk
sensitivity studies presented in Chapter 3, it is possible to estimate the effect on dose risk by
completely eliminating the barrier function. This sort of approach has been labeled
"neutralization".
By applying the neutralization approach in TSPA, we do not assume the barrier itself has been
physically removed. We just assume that the barrier function has been inactivated. For example,
if we do a container barrier neutralization analyses, we do not assume the spent fuel assemblies
are physically lying in a pile on top of the drift invert. Rather, we simply assume that the
container provides no barrier to groundwater that may be dripping onto the top of the container.
We still assume, for example, that the diffusive pathway from the waste form through the
container and into the drift invert is as long as if the container were there. Similarly, if we
"neutralize" the SZ, we just assume that the travel time through the SZ is zero.
Assuming the barrier function is completely neutralized is often risk-uninformed. That is, the
estimate of the probability that a barrier would completely fail to function is usually at or near
zero. This is why choosing to do sensitivity studies, as was done in Chapter 3, or opting for a
"degraded" (rather than "neutralized") barrier approach is often preferred. Yet, complete barrier
neutralization does provide some insight into the potential ability of other barriers to limit dose
risk in the event of the complete failure of the barrier of interest. Barrier neutralization analyses,
therefore, can provide enhanced confidence that the repository system is very robust to certain
barrier failures, while providing perhaps less risk-informed insights.
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4.3.1 "One-Off" BarrierNeutralizationAnalyses
A series of barrier neutralization analyses were presented in EPRI [2002]. The barrier function
of the drip shield, container, and cladding were removed singly, and together to determine the
effect on dose for a single, "maximum likelihood 'wet"' branch of the IMARC-6 logic tree.
What was observed in those analyses was that, as long as the container barrier function was
retained, removing either the cladding or drip shield barrier function had little effect on the dose
estimate. However, if the container barrier function was removed, the cladding and/or drip
shield barriers contributed significantly to reducing the estimated dose rates and delaying the
time the peak dose occurred. Thus, while ordinary sensitivity studies of the drip shield and
cladding would suggest they contribute little to lowering dose risk, it was found that the drip
shield and cladding serve as "reserve" barriers in the extremely unlikely event that the container
barrier function failed completely.
4.3.2 "HazardIndex" Analyses to Identify Multiple Barriers
The purpose of the "Hazard Index" analyses provided in this section is to provide rough,
quantitative estimates of the importance of the barriers in reducing the potential hazard due to the
full inventory of disposed spent fuel and HLW at the candidate Yucca Mountain facility. The
approach used is to artificially "turn off' the function of all barriers initially, then add successive
barriers (in as logical an order as possible) one at a time to gauge their contribution to the total
Hazard Index reduction.
4.3.2.1 Starting Point Assumptions for the IMARC Hazard Index Calculations
In order to "turn off' the function of all of the FEPs involved with deep geologic disposal of

HLW, the following, admittedly unrealistic starting assumptions are used:
"

The repository contains 70,000 MTU spent fuel at some reasonable average burnup and a
decay time of 2,000 years. 9 The same inventory data used in the IMARC runs presented in
earlier sections were used for the Hazard Index calculations, plus some additional inventory
data, for the additional radionuclides we added, to illustrate the hazard reduction due to decay
of some shorter-lived radionuclides;

"

The entire inventory of radionuclides (from all 70,000 MTU) is assumed to be dissolved in
0.6 m3 of "drinking water". This assumes infinite solubility, and the entire inventory is
concentrated in one small location;

"

The 0.6 m3 (containing the entire 70,000 MTU inventory of dissolved radionuclides) is drunk
by a single, adult individual over the course of one year at the beginning of its adult life (age
20);

"* It is acceptable to use the drinking water pathway concentration-to-dose conversion factors
found in Chapter 8 of EPRI [2002] - even for artificially high radionuclide concentrations.

9 IMARC starts with a decay time of 1,000 years, but requires its first single, 1,000-year time step to calculate the
initial peak values.
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Based upon the above assumptions, the starting Hazard Index for all radionuclides, -11, in the
70,000 MTU inventory is nearly 10' 7 mrem (Figure 4-8). Thus, the peak E-R will need to be
reduced roughly 16 orders of magnitude to be in the range of the dose limits in the final NRC
regulations. Since the "base case" dose rate-versus-time curve for the current IMARC analysis,
Figure 3-9, does show that peak individual drinking water dose rates at 18 km have been lowered
to -10' mrem/yr, it would be appropriate to be able to suggest what barriers contribute to this
dose reduction by 18 orders of magnitude.
The above starting point assumptions can be attacked for being extremely non physical.
However, the intent is to neglect all barriers initially, such as solubility, dissolution rate
constraints, and the fact that it is impossible for all of the water to pass through the system and
then flow into a small enough volume to be drunk by a single individual in a single year.
Solubility and dissolution rate constraints are two of the many potential barriers to assign benefit
to. Furthermore, the fact that engineering design can dictate how concentrated or spread out the
waste is should also have a place in the calculations about how concentrated the water flow paths
can get. To start with some more "real" set of assumptions would begin to neglect some of the
barriers. Since one of the purposes of these Hazard Index calculations is to show there are many
barriers that contribute to hazard reduction, it is undesirable to exclude any initially. The
introduction of Hazard Reduction Factors later on will allow the reader to start at a more
"realistic" point, if desired.
A starting time of 1,000 years was used to avoid difficulties with including shorter-lived
radionuclides that would contribute greatly to the initial Hazard Index, such as Cs-137 and Sr-90.
Because IMARC's smallest time step used is 1,000 years, this means that the initial calculation is
actually made for 2,000 years.
4.3.2.2 Release Scenario
Because these represent scoping calculations, and because it is necessary to strictly control the
barriers that are introduced into the calculations, a single "scenario" was investigated having the
properties of the "Maximum Likelihood Wet Branch". This is the highest probability branch in
the IMARC-7 logic tree that results in groundwater being able to drip into at least some parts of
the drifts. When the groundwater flux distribution through the distributed repository was
included, a constant 19.6 mm/yr infiltration (moderate infiltration value for the full glacial
maximum climate) was assumed in these calculations.
4.3.2.3 General Description
Results are presented in terms of "Hazard Index" versus time for a series of individual
radionuclides, and a HIM for the total of 22 of the radionuclides contributing the most to long
term HI.
Figures 4-5 through 4-8 show the Hazard Index versus time for the starting case and for 12 sets
of barrier functions successively added that act to change the Hazard Index. Figures 4-5 through
4-7 are for individual radionuclides. Figure 4-8 is for the total Hazard Index summed over the 22
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radionuclides contributing the most to the individual dose rate. The 13 curves shown on these
figures are as follows:

"* "Hazard Index" (starting case - all barrier functions "turned off'): All radionuclides from
70,000 MTU of spent fuel are assumed dissolved in 0.6 m' of water in year 1,000, which is
then drunk in a single year at year 2,000.'0 An "alteration time", the time required to dissolve
the fuel, was set to one year to allow the IMARC code to calculate the dissolved inventory
without becoming unstable. Since the fuel is dissolved in the first time step it does not affect
the results. The figure is artificial in the sense that the dose is calculated at 2,000 years only.
Since all the radionuclides are assumed to be consumed in year 2,000 the curves go back to
zero at the next time step (3,000 years). Thus, only the dose rates at the peak have meaning.

"* "3,000 yr Alteration Time": This is representative of the barrier provided by the waste form
itself. For this barrier addition it is assumed that the waste form dissolves uniformly over
3,000 years, and all radionuclides are released congruently. Because the dissolution rate has
been increased by over three orders of magnitude from the previous cases, and because
individuals are assumed to drink 0.6 m3 of water every year, peak concentrations have been
reduced by a factor of 3000.
Again, alteration time is a function of both natural and engineered features acting in concert.
That is, the dissolution rate is a function of "engineered" features, such as the waste form
properties (e.g., the UO, matrix), and the degree to which the rest of the waste package and
any other engineered materials in the engineered barrier system affect the chemistry or flow
rate of the ingressing groundwater. The alteration time must also be considered a function of
the "natural" features of groundwater chemistry and flow rate.
*

"Moderate Solubility": For these curves, solubility limits are added to a 3,000-year waste
form alteration time. This 'barrier' can be considered due to the "natural" system in the sense
that natural groundwater chemistry is assumed to control the solubility limits. An exception
to this may be if an "engineered" feature, such as the presence of reducing or chelating
agents, affected the local solubility limits. In the IMARC base case, three sets of solubility
limits were considered. For the Hazard Indices presented here, the "moderate" solubility
values were used.

"* "Cladding Fails over Time": This represents adding in the cladding barrier. It is assumed
cladding begins to fail during the first time step. Mean cladding lifetime is several tens of
thousands of years. This is considered an engineered barrier.

"* "Containers Fail over Time": This represents adding in the container barrier. One container
is assumed to be failed at emplacement. This is an engineered barrier.

"* "Drip Shields Fail over Time": This represents adding in the drip shield barrier. One drip
shield is assumed failed at emplacement; the rest fail over many thousands of years. This is
an engineered barrier.

"* "1.35% of Repository Wet/Diffusion Barrier": This accounts for the suite of individual FEPs
that cause only a portion of the containers to come into contact with flowing groundwater
with 98.65% of the containers exposed to humid air conditions for which only diffusive
'0This neglects the roughly 100 years of decay time before final closure of the repository.
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release is possible. These containers were assumed to be exposed only to humid air due to the
following assumptions:
-

-

For the smaller local percolation rates, the fact that the drifts are air-filled and curved
causes the vast majority of the percolating water (for the lower local percolation rates
only) to be diverted around the drifts;
Groundwater flow through the repository horizon is heterogeneous. So, on average, only
1.35% of the repository area has local percolation rates high enough to allow water to
drip into the drifts and onto containers.
The FEPs contributing to the assumption that only 1.35% of the waste will ever be
contacted by flowing groundwater are mostly due to natural features of the repository
(flow heterogeneity due to the presence of fractured, porous rock). However, the
engineered feature of the drift being placed in the unsaturated zone with a drift radius
small enough to divert low percolation rates around, rather than through, the drift also is
an important FEP. These natural and engineered FEPs act in concert, so cannot be
separated further.
Thus, there will be diffusive release from up to 100% of the containers, while advective
release can occur from, on average, only 1.35% of the containers.

"WPs Dispersed Throughout the Repository": In all the curves preceding this one, all of the
flow was assumed to be limited to 0.6 rn3 per year. Furthermore, this flow was assumed to
pass through ALL of the containers that were exposed to groundwater, then focused back
into a small enough volume that it could be consumed by a single individual in one year.
In this curve, this assumption is removed. That is, it is assumed the waste packages are
evenly dispersed throughout the "wet" zone in the repository such that the flow is no longer
limited to 0.6 m3 per year, nor refocused back into a small volume. Based on assumptions of
a reasonable percolation rate over the base case repository area, actual annual flow volumes
are roughly 104 times larger than 0.6 m3 per year. This reduces ALL individual HI values
uniformly by roughly 104. The peak HItot is now reduced to approximately 104.
This effective dilution factor of 104 is mostly due to an "engineering" decision to spread out
the HLW over a large area (compared to the flow area associated with just 0.6 m3/yr flow
rate). While this is not a physical 'barrier' per se, it does cause a major reduction in the
hazard index, so is an important barrier.
"* "EBS Sorption": These curves show that adding sorption on container corrosion products
(iron oxyhydroxides) and backfill (crushed tuff) reduces the peak HI's for those
radionuclides that sorb. This can also be considered mostly an "engineered" barrier.
"* "AE [Accessible Environment] at 5 km": In all the previous curves, the HI's at the repository
exit were considered. In this curve, the travel time through the UZ and the first five
kilometers of the SZ are considered. Sorption in the UZ and SZ are still neglected. This
causes the peak HI. to be reduced by another factor of over 102 due to additional dispersion
in the SZ. This barrier can be considered mostly "natural".
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"

"UZ/SZ Moderate Retardation": These curves introduce "moderate" sorption values to the
tuff. This can be considered a "natural" barrier.

" "AE in front of Alluvium": These curves add in the effect of another 8 km of travel time in
the SZ through volcanic tuff. The additional hazard reduction is about a half an order of
magnitude due to additional dilution (and decay for some radionuclides). This is a natural
barrier.
"

-AE at 18 kin": The effect of moving the measurement point another 5 km downstream is to
now include the 5 km of alluvium in the SZ. While the additional amount of dispersion on
hazard reduction between 13 and 18 km is nearly negligible, the effect is more dramatic for
those radionuclides that strongly sorb onto alluvium. This is a "natural" barrier.

" "Dose from All Pathways": These curves add in all the non-drinking water pathways to the
total dose estimate (see Chapter 8 in EPRI [2002] for a detailed treatment of these other
biosphere pathways). When this is done, the HI's increaserather than decrease. HI's for Tc
99, 1-129, and the Np-237 chain increase by roughly a factor of 10,02 . This suggests that the
drinking water pathway is a minor contributor to the total HI.
The effective positions at which the HI calculations are made change as more barriers are added:
I. Inside the container: "Hazard Index"; "3,000 yr Alteration Time"; "Moderate Solubility"
2. Immediately outside the containers: "Cladding Fails over Time"; "Containers Fail over
Time"; "Drip Shields Fail over Time"; "1.35% of Repository Wet"
3. Just below the repository in the UZ: "...WPsDispersed Throughout the Repository"; "EBS
Sorption"
4. 5 km downstream in the SZ: "AE at 5 km"; "UZ/SZ Moderate Retardation"
5.

13 km downstream in the SZ: "AE in front of Alluvium"

6.

18 km downstream in the SZ: "AE at 18 km"; "Dose from All Pathways"

4.3.2.4 Presentation of Individual Hazard Index Estimates
The following two subsections will step through three different ways of presenting the hazard
index estimates. The purpose of repeating the analysis three different ways is to better explore
how the presence of some barriers affects how much other barriers contribute to hazard
reduction. The first set of presentations adds the barriers in a roughly "inside out" order. That
is, barriers nearest the waste itself are added first, followed by additional barriers successively
farther away from the waste. The second set of hazard index figures add all the "engineered
barriers" first or the "natural barriers first" followed by the other set. It will be seen that the
order in which individual barriers are added affects the relative importance of each barrier.
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4.3.2.4.1 BarriersAdded from the "Inside Out"
"I91(Figure 4-5)

Figure 4-5 presents the HI curves for 1291. The initial HI for 1291 starts at about 1012, and is reduced
by a factor of 3,000 when "3,000 yr Alteration Time" is added. These HI reductions apply to all
radionuclides as discussed earlier.
The "Moderate Solubility" curve for '291 lies mostly on top of the "3,000 yr Alteration Time"
curve because iodine has a relatively high 'moderate' solubility. Thus, iodine is alteration rate
limited.
Adding the cladding barrier lowers the HI by approximately two orders of magnitude, and also
spreads out the HI in time.
Restoring the container barrier function has the major effect of lowering the initial HI by more
than five orders of magnitude. The HI peak position is now pushed back to 600,000 years and the
HI is reduced about another order of magnitude at this time.
Adding the drip shield hardly changes the HI from that with the container function restored. This
demonstrates that the average lifetime of the container is significantly longer than that of the drip
shield.
Similarly, adding the portion of the UZ above the repository barrier causing only a portion of the
repository to be "wet" has little effect. This is because 1-129 release rates due to diffusion are
very high in the IMARC-7 model.
Adding the effect of dilution in the UZ by dispersing the waste packages throughout the
repository "wet" zone has a dramatic effect in lowering the Hazard Index by more than four
orders of magnitude. This is because it is now assumed radionuclides exiting the EBS are mixed
with all the groundwater passing through the repository cross section.
There is no sorption of iodine on container corrosion products, so adding the EBS sorption
barrier does not change the HI for "I.
Restoring the effects of transport delay and dilution in the UZ and the first five kilometers in the
SZ ("AE at 5 kmi") lowers the HI by another order of magnitude and delays the arrival of the '291
plume. The HI reduction is due almost entirely to dilution in the SZ.
Including the barrier of sorption on the UZ and SZ ("UZ/SZ Moderate Retardation") makes no
difference since iodine is not thought to sorb on either UZ or SZ minerals.
Extending the SZ to 13 km ("AE in front of Alluvium") further delays the '2I plume by another
1000 years and lowers the HI another factor of two or so. This is because there is not much
additional dilution between 5 km and 13 km.
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For '1"1 adding in the 5 km of alluvium ("AE at 18 kin") has almost no additional effect since
sorption of iodine on alluvium is zero.
The last set of FEPs considered, "Dose from All Pathways" raises the HI by about a factor of ten.
This is because the agricultural pathways in the assumed biosphere provide more dose than
simply the drinking water pathway used in all the previous FEPs.
Table 4-3 provides a summary of the Hazard Reduction factors (HR) for "29I at both 10,000 years
and at the time of peak HI (whenever the peak occurs). This table suggests that the total hazard
reduction is approximately 15 orders of magnitude and that several 'natural' and 'engineered'
barriers (dilution also considered a 'barrier' in this case) contribute to the hazard reduction. The
range of Hazard Reduction factors shown for the "engineered" and "natural" FEPs toward the
bottom of the table are determined by assuming the hazard reduction to those FEPs that are a
combination of engineered and natural are either all engineered or all natural. The HI is increased
by almost one order of magnitude when one considers all the other biosphere exposure pathways
rather than just the drinking water pathway.
Table 4-3
with Barrier Functions Added "Inside Out"
Hazard Reduction Factors for '"12
"Engineered"

10,000

AtTime

Timeof

Years

of Peak

Peak ryr]

FEPs

or "Natural"?

103

103

2000

3,000 year alteration time

engineered

100

100

2000

Moderate solubility

natural

102

102

9000

Cladding fails over time

engineered

104

101

500,000

Containers fail over time

engineered

101
100

10°
100

500,000
500,000

Drip shields fail over time
1.35% wet/diffusion barrier

engineered

105

10'

500,000

WPs dispersed throughout repository

both

100

100

500,000

EBS sorption

mostly engineered

101

101

600,000

AE at 5 km

natural

100

100

600,000

UZ/SZ moderate retardation

natural

1006

1005

600,000

AE in front of alluvium

natural

10-°

10"°

600,000

AE at 18 km

natural

10-17
101015

10-13

10&-11

Total Hazard Reduction
Hazardreduction due to "engineered"features

1027

1027

Hazardreduction due to "natural"features

10-1

10.1

Hazard "reduction" (i.e., increase) due to all pathways

both
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237Np

(Figure 4-6)

Figure 4-6 shows the Hazard Index curves for 237Np. A few aspects of the Hazard Index curve are
of
note for this moderately soluble, slightly sorbing species. Adding in "Moderate Solubility" for
237Np
does not lower the HI from the previous curve. Other than small delays in the time of
arrival of the hazard caused by a small amount of sorption on UZ and SZ materials, the effects of
adding successive barriers to the 237Np Hazard Index is similar to that for 1291. This suggests that
neptunium is, like iodine, soluble enough to be alteration-rate limited, and shows little sorption
effects. Table 4-4 shows the Hazard Reduction factors for 237 Np.
Table 4-4
Hazard Reduction Factors for .37Np with Barrier Functions Added "Inside Out"
10,000

At Time

Time of

Years

of Peak

Peak [yr]

FEPs

or "Natural"?

103

103

2000

3,000 year alteration time

engineered

100

100

2000

Moderate solubility

natural

102

102

9000

Cladding fails over time

engineered

105

102

500,000

Containers fail over time

engineered

100

100

500,000

Drip shields fail over time

engineered

102

102

500,000

1.35% wet/diffusion barrier

both

105

105

500,000

WPs dispersed throughout repository

both

100

100

500,000

EBS sorption

mostly engineered

102

101

600,000

AE at 5 km

natural

100

600,000

UZ/SZ moderate retardation

natural

1005

600,000

AE in front of alluvium

natural

10-0

600,000

AE at 18 km

natural

10",

"Engineered"

10-15

Total HazardReduction

1077""

Hazard reduction due to "engineered"features

1029

Hazard reduction due to "natural"features

10.1

Hazard "reduction" (i.e., increase) due to all pathways

23 9

Pu (Figure 4-7)

Figure 4-7 presents the Hazard Index curves for 2 9 u. This plutonium isotope provides the
greatest contribution to the initial Hazard Index. It is also indicative of the behavior of a
moderately long-lived, solubility-limited, highly sorbing radionuclide. The combination of its
low solubility and strong sorption onto EBS corrosion products and natural rock and alluvium is
shown by the fact that these two effects cause 239pu to decay to insignificant levels before it
reaches 18 kilometers.
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Total Hazard Index from All 22 Radionuclides with the Barriers Added "Inside
Out" (Figure 4-8)
Figure 4-8 presents the Hazard Index curves for all 22 radionuclides considered. The behavior of
the suite of radionuclides is most affected by those radionuclides that contribute the greatest to
total dose rate. Thus, the initial "Hazard Index" curve mostly reflects 239Pu behavior. This is
why introducing the "moderate solubility" barrier reduces the HI in this case (plutonium is
solubility-limited). Additional effects of EBS sorption and UZ/SZ retardation can be seen since
plutonium also sorbs significantly on these materials. The majority of the curves increase with
time, which reflects a steady buildup of daughter products, as well as the steady increase in the
number of containers that fail over time. Table 4-5 summarizes the reduction of the HI
contributed by each barrier. This table shows that both "engineered" and "natural" barriers
contribute strongly to overall Hazard Index reduction with the "natural" barriers contributing
more than the "engineered" barriers.
Table 4-5
Hazard Reduction Factors for All 22 Radionuclides with Barriers Added "Inside Out"
"Engineered"

10,000

At Time

Time of

Years

of Peak

Peak ryr]

FEPs

or "Natural"?

103

103

2000

3,000 year alteration time

engineered

103

10 3

2000

Moderate solubility

natural

101

100

100,000

Cladding fails over time

engineered

104

100 5

1,000,000

Containers fail over time

engineered

101

10°

1,000,000

Drip shields fail over time

engineered

102

102

1,000,000

1.35% wet/diffusion barrier

both

105

105

1,000,000

WPs dispersed throughout repository

both

101

101

1,000,000

EBS sorption

mostly engineered

102

102

1,000,000

AE at 5 km

natural

10

1005

600,000

UZ/SZ moderate retardation

natural

1005

1o05

600,000

AE in front of alluvium

natural

10"0

10"°

600,000

AE at 18 km

natural

10-2

10-18

Total HazardReduction

10W16

10 l2

Hazard reduction due to "engineered"features

106' 3

10"'.

Hazard reduction due to "natural"features

10-1

10-1

Hazard "reduction" (i.e., increase) due to all pathways

4-23

Assessment of Multiple Barriersv

1018
101 7

I II

I

I

I

I

I

I

10 14
1013
1012
loll

108
107
106

a-)

I

JI

I

I.

i

-

-

10 15

109

I

"HazardIndex
3,000 yr Alteration Time
S•'Moderate Solubility
Cladding Fails over Time
"' ...
Containers Fail over Time
-•
Drip Shields Fail over Time
.
1.35 % Wet / Diffusion Barrier
....... WPs Dispersed Throughout Rep.

1016

1010

I

I:
U
WI

I""

""•'•''""•......
. ,.
,,

...

UZ/SZ
AE
at 5Moderat
km

"

AE in f

....

!

""
luviunm

a.U

•"-"•'"-'-••

/

-

Dose fer°onm "11 laatliva~ys

104
10'

102

I

iol
1001
10o1
10-2
10-3

..
...
..

.... .. .

10-4

10-5
10-6

I.

10,

105

Time (years)
Figure 4-8
Hazard Index for all 22 Radionuclides Considered with the Barriers Added "Inside Out"

4-24

106

Assessment of Multiple Barriers

4.3.2.4.2 All Engineeredor All Natural BarriersAdded First
The following two figures summarize the effects of the engineering and natural barriers on
Hazard Index reduction. Figure 4-9 shows the change in the Hazard Index when first all of the
engineered barriers are added followed by all the natural barriers. Figure 4-10 shows the change
in the Hazard Index when first all of the natural barriers are added. Both figures show that both
engineered and natural barriers contribute to overall dose reduction and delay in peak dose.
Figure 4-10 shows that the naturalbarriersalone keep the dose rate during the first 10,000
years almost below the regulatory limit and certainly well below natural background levels.
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KEY TECHNICAL ISSUE AGREEMENT EVALUATION

This chapter provides an evaluation of the DOE/NRC "Key Technical Issue" (KTI) Agreements
for their importance to providing significant input to the estimation of dose risk to the RMEI.
The first part of this chapter provides a background discussion of how the KTI Agreements came
into being. The next part of this chapter summarizes the TSPA results presented earlier in this
report to by providing a list of repository features, events, and processes (FEPs) and barriers
whose uncertainty "significantly influences" the estimate of dose risk. The final part of this
chapter compares this list of risk-significant FEPs and barriers to the classes of KTI Agreements.
It is found that only a subset of the work to be completed as part of the KTI Agreements will
have the potential to significantly affect current dose risk estimates.
5.1 The Origin of the KTI Agreements - A Short History
Section 114(a)(1)(E) of the Nuclear Waste Policy Act of 1982, as amended (42 U.S.C.
10134(a)(1)(E)) required the U.S. Nuclear Regulatory Commission (NRC) to provide
preliminary comments to the Secretary of Energy regarding the potential suitability of the site in
connection with any site recommendation on the proposed geologic repository at Yucca
Mountain, Nevada. The result of this requirement was an extensive process of interaction and
communication between the NRC and the potential applicant, the DOE, and a detailed review by
the NRC staff of the information regarding the project that was available prior to any site
recommendation. One result of this review process was the identification by the Staff of a
number of scientific and technical issues that were considered vital to the eventual licensing of
any proposed repository. These Key Technical Issues (KTIs) were intended to serve as the focus
of discussions between the DOE and the NRC both prior to the submission of a license
application and during the review process that would follow. However, "resolution" of these
issues prior to submission of a License Application subsequently has become the prime, albeit
inappropriate, focus of such interactions. This change in regulatory philosophy and the reasons
why such a change is not believed to be appropriate or in the best interest of the protection of
public health and safety, is discussed below.
The roles and responsibilities of Federal agencies involved in the disposal of high-level
radioactive waste in a geologic repository are defined in the Act. DOE was assigned
responsibility for conducting the site characterization activities at Yucca Mountain, Nevada.
DOE was also made responsible for conducting the site recommendation process, should the
Secretary of Energy determine that the site is suitable for recommendation to the President.
NRC, among other things, was required to interact with DOE during the site characterization
phase in order to provide input to the site decision process and prepare for the eventual review of
a license application, should a decision be made to proceed with the site.
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After the Act was amended in 1987, NRC and DOE began pre-licensing interactions related to
DOE's characterization of Yucca Mountain as a potential repository site and DOE's design of
associated facilities. During this same period, the NRC began examining ways to focus its
regulatory programs on those areas and issues most significant to risk and licensee performance.
Accordingly, NRC staff worked to identify those features, events, processes, and design concerns
that were most important to potential repository performance.
The NRC's activities related to the assessment of the suitability of the Yucca Mountain site to
host a geologic repository made use of results from NRC and DOE laboratory and field
experiments, natural analog studies, expert elicitations, and performance assessments. Over time,
these activities led to the identification in 1996 of Key Technical Issues (KTIs) that the NRC
staff deemed to be important to an assessment of overall repository performance.
The overarching ten (10) KTIs that were identified during this period were:

"* Container Life and Source Term (CLST)
"* Evolution of the Near Field Environment (ENFE)
"* Igneous Activity (IA)
"* Repository Design and Thermal Mechanical Effects (RDTME)
"* Radionuclide Transport (RT)
"* Structural Deformation and Seismicity (SDS)
"* Thermal Effects on Flow (TEF)
"* Total System Performance Assessment and Integration (TSPAI)
"* Unsaturated and Saturated Zone Flow Under Isothermal Conditions (USFIC; SZ)
"* Preclosure Safety (PRE)
Several factors contributed to subsequent refinements of the above KTIs into subissues that more
clearly specify the areas that the NRC staff believed to be important: improved understanding of
the site through DOE's site characterization studies, improved understanding of the potential
DOE design, pre-licensing interactions between DOE and NRC, and results from NRC
confirmatory studies. In the process, NRC published numerous publicly available technical and
program status reports that reviewed DOE's site characterization and design work and identified
additional information that DOE would be needed to support a license application.
The issues that were identified reflected, in great part, the interests and best guesses of the NRC
staff and their consultants of what is important to risk. In addition, the selection of issues
reflected a macroscopic review of the entire project and no efforts were made to identify the time
periods in which the specific issue would become potentially important to the protection of the
health and safety of the workers and the public. As a result, the defined list of "important" KTIs
did not necessarily reflect the importance of the issue to the risk-informed, performance-based
licensing approach advocated by NRC. Furthermore, the list did not address the point within the
licensing process when the issue needed to be resolved to ensure worker and public health and
safety.
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The NWPA called for NRC's input to the site decision process in the form of "preliminary
comments concerning the extent to which the at-depth site characterization analysis and the
waste form proposal for such site seem to be sufficient for inclusion in any application to be
submitted by the Secretary for licensing." To structure its approach to meeting this requirement
by addressing and documenting the specific key technical issues, the NRC staff initiated a formal
"sufficiency review" process that was intended to achieve agreement on the status of the
identified issues. This process included reviewing DOE documents, interacting with DOE in
public technical meetings, and identifying the information that DOE would need to provide in
any potential license application.
In the course of the sufficiency review process, the NRC staff developed acceptance criteria that
consider risk information and significance to performance as the basis for issue resolution. These
acceptance criteria served as the measurement by which the NRC staff would make the
"sufficiency determination required by the NWPA. The criteria were also intended to form the
foundation for future regulatory interactions should the site be selected." NRC developed these
acceptance criteria and their technical bases during the late 1990's and early 2000's and
documented them in a series of publicly available issue resolution status reports.
Consistent with this issue resolution process, interaction between the NRC and DOE staffs
intensified during the 2000 - 2001 time period to address and reach agreement on the status of
remaining current questions and concerns. During the latter part of 2000 and into 2001, 16
technical exchanges were held focused specifically on issues relevant to the formulation of
NRC's preliminary sufficiency comments. These multi-day public meetings were used to discuss
the status of issue resolution. Results from this increased pre-licensing interaction were presented
to DOE through formal letters and through public meetings between NRC and DOE. Finally,
agreements that document additional work that DOE would need to complete were reached."
These have been termed Key Technical Issue Agreements or KTI Agreements (KTIAs). In areas
covered by the KTI Agreements, NRC indicated their belief that DOE's plans and schedules to
get information and incorporate it in a License Application represented a reasonable approach.
At the times that the KTIs were identified and the KTI Agreements established, no specific
evaluation to determine the risk significance of the issue of concern was performed. Throughout
the KTIA process there has also been no effort to determine the point in the licensing process at
which detailed information to support each KTI needs to be available to protect worker and
public health and safety. This latter determination is of significance as certain issues only
become important to the licensing process at the point in time when activities need to be
performed that involve the issue. This time dependency was not of concern during the Site
Recommendation process when an overall determination of the potential site suitability was
made but it becomes a critical issue in the step-wise licensing of the site (see Chapter 6 for a
more complete discussion of this issue).
For purposes of the pre-Site Recommendation "sufficiency" review, each of the previously
identified KTIs were defined to be in one of three categories: "Closed," "Closed - Pending," and
"Open." Categorization as "Closed" indicated that the NRC staff and its consultants had
reviewed the information made available by the DOE and determined that "the DOE approach
" At the time of this writing, 293 separate agreements were established.
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and available information acceptably addresses staff questions such that no information beyond
that which is currently available will likely be required for regulatory decision making at the
time of any initial license application." The NRC did indicate that categorization as "Closed" did
not signify that a licensing decision has been reached by the Staff and that it was recognized that
the provision of additional pertinent information in the LA (e.g., changes in DOE design
parameters) or evolving technical/scientific developments could raise new questions or
comments regarding an issue previously considered to be "Closed."
In effect, the NRC staff was indicating that they were satisfied with the information that had
been provided at that time but it was possible that, at some future point in the licensing process
there might be a need for further discussion on the issue. This position is supported by the NRC's
statement in the Sufficency Letter that any final determinations on issues raised during the pre
licensing period: "can only be made after a thorough safety review by the NRC staff on any DOE
license application." This concept was also addressed in the letters memorializing the KTI
Agreements reached at each public session which stated: "Resolution by the NRC staff during
pre-licensing does not prevent anyone from raising any issue for NRC consideration during the
licensing proceedings. Also, and just as important, resolution by the NRC staff during pre
licensing does not prejudge what the staff evaluation of that issue will be after its licensing
review. Issues are resolved by the NRC staff during pre-licensing when the staff has no further
questions or comments about how DOE is addressing an issue. Pertinent new information could
raise new questions or comments on a previously resolved issue."
In addition to the "Closed" status, issues were also accorded a "Closed - Pending" or an "Open"
Status. The official definition for those issues accorded the former status is "the NRC staff has
confidence that the DOE proposed approach, together with any DOE agreements to provide the
NRC with additional information (through specified testing, analysis, etc.) acceptably addresses
the NRC's questions such that no information beyond that provided, or agreed to, will likely be
required at the time of initial license application." [emphasis added] The NRC was, in effect,
indicating that for issues in the "Closed - Pending" category, if DOE does what NRC asked and
DOE has agreed to do, and DOE provides NRC with the information NRC requested, the LA
will be docketable. Given the explicit recognition addressed above that no final determinations
on an issue could be made until after the LA was submitted and opportunities existed to raise and
address other facets of the issue, it was not necessary nor was it possible to achieve resolution on
an issue during the pre-License Application period.
"Open" issues are those issues for which the NRC staff "identified questions regarding the DOE
approach or information, and the DOE has not yet acceptably addressed the questions or agreed
to provide the necessary additional information in a potential license application."
On November 8, 2001, NRC Chairman Richard Meserve forwarded the required sufficiency
letter to DOE Undersecretary Robert Card. The letter indicated that, based on the state of
progress regarding agreements reached during the pre-licensing interactions, NRC has
reasonable confidence DOE would be able to assemble the required information before filing a
possible license application. The letter went on to indicate that NRC had not prejudged the
outcome of a licensing review that would occur only after: a) the DOE submits a high-quality
license application; b) the staff completes its independent safety review and issues a safety
evaluation report; c) NRC provides an opportunity for a hearing on issues raised by the parties;
and d) NRC makes its final determination of whether the DOE license application meets NRC
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regulations. NRC again made it clear that any NRC licensing decision would be based not on the
KTIAs, but would consider all the information available at the completion of the license
application review process.
Following receipt of the Sufficiency Letter (and other documents required by the NWPA), the
Secretary of Energy recommended to the President of the United States that a geologic repository
be sited at Yucca Mountain. The President subsequently made a similar recommendation to the
Congress, as required by the NWPA, and following actions by both houses of Congress to
override objections filed by the State of Nevada, a decision to move forward with the licensing
of a repository at the Yucca Mountain site was approved.
This transition into the licensing phase of repository development required DOE and NRC to
refocus their interaction approach. Where earlier discussions had been aimed at enabling the
NRC to make a determination regarding the possible acceptability of a License Application that
was required to support a possible Site Recommendation, the follow-on discussions should have
been aimed at ensuring that the specific information that had been requested and that DOE had
agreed to provide was being provided. Any discussions regarding actual resolution of the issues
should have awaited the appropriate point in the multi-stage licensing process. Yet the agencies
have not refocused their efforts, and are instead merely continuing the process put in place prior
to the siting decision.
Following issuance of the NRC's Sufficiency Letter and in parallel with the final stages of the
Site Recommendation process, interactions between the NRC and DOE aimed at resolving the
293 KTIAs prior to submittal of the License Application continued without regard to the time
dependent nature of risk prioritization even though there is no requirement in the NWPA or NRC
regulations that such resolution be achieved at this stage.
As of December 1, 2002, DOE has submitted responses to the NRC that fully or partially address
141 of the 293 Key Technical Issue (KTI) agreements. The NRC has requested additional
information on 24 of these agreements. Sixty-six agreements are considered complete by the
NRC. Work continues on the other information to support the other agreements.
5.2 Identification of KTI Agreements Important to 10,000-Year Dose Risk
5.2.1 Summary of IMARC-7 Results for Importance to Dose Risk
In this section, a brief summary of the barriers and FEPs whose current estimates of uncertainty
"significantly influence" the estimate of dose risk is provided. In this case, it is assumed that a
"significant" influence would be one that could cause dose risk estimates to shift by a significant
percentage of the Part 63 individual dose limit of 15 millirem per year during the first 10,000
years (the time period of regulatory compliance). Thus, in this analysis, we will somewhat
arbitrarily assume that any uncertainty, or set of correlated uncertainties whose uncertainty range
causes the 10,000-year dose risk estimate to shift by at least one millirem per year will be
deemed "significant".
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While Chapter 4 examined barriers using a barrier neutralization technique, full neutralization of
a barrier is considered highly unlikely, and usually falls outside the realm of possibility. Thus,
few of the sensitivities used in the full neutralization analyses will be used to determine risk
significance. What will be relied upon mostly are the sensitivities provided in Chapter 3 that
explored the effects on dose risk by applying the range of uncertainty for the main IMARC-7
logic tree nodes.
The peak dose risk (probability-weighted mean dose rate to the RMEI) during the first 10,000
years after repository closure in the IMARC-7 base case is approximately 10-3 millirem per year.
In order to meet the criterion of being "risk-significant" set above, an uncertainty range in a FEP,
set of related FEPs, or a barrier would have to increase this peak dose risk by a factor of 1000 or
more. Analyses presented in Chapter 3 indicated there is no single uncertainty representedin
the IMARC-7 logic tree that had a large enough range to cause this amount of shift in the dose
risk estinate. Furthermore,even the completefaihre of any one barrierto function as
anticipatedwould not cause the 10,000-yeardose risk to increase by more than one millirem per
year.12 Major degradationof more than one barrierfinction beyond the ranges currently
considered in IMARC-7 would be requiredto cause such an increase in 10,000-year dose risk
estinates. Dose risk sensitivity to each set of IMARC branches are summarized in the following
bullets:
*

Net hIfiltration Rate: In the current IMARC-7 model, there is little 10,000-year dose risk
sensitivity to the range of net infiltration rates considered. This is because early releases are
mostly from diffusion - even for the high end of the net infiltration range that was
considered. While higher net infiltration leads to a greater fraction of the repository that is
"wet" (experiencing active dripping of groundwater into the drifts), and drip shield and
cladding failure rates are somewhat higher for active dripping conditions, the "wetter"
conditions caused by net infiltration rates even higher than the upper end of the range EPRI
considered are unlikely to lead to enough additional drip shield/container/cladding failures
and enough additional advective release to increase peak estimated 10,000-year dose risks
three orders of magnitude.
Even higher net infiltration rates would lead to more rapid UZ and SZ transport. Yet the I
129 and Tc-99 released from the single container that is assumed to be "failed" at the time of
emplacement already is able to travel 18 km downstream within 10,000 years using the
current range of net infiltration uncertainty. Thus, shortening UZ and SZ transport times still
further would have almost no effect on the 10,000-year dose risk estimate.
Flowfocusing: Very little sensitivity to the degree of flow focusing was seen in 10,000-year
dose risk estimates. Even if additional investigations discovered a higher degree of flow
focusing than currently is thought to exist, there would be little effect during the first 10,000
years. This is because of the relative unimportance of advective release at early times, and
the relative insensitivity of drip shield, container, and cladding failure rates at earlier times to
higher drip rates. Thus, KTI Agreements providing information that could lead to a better
understanding of flow focusing are not risk-informed.

12

The only exception to this statement is if 100% of the containers were assumed to have failed at or shortly after

repository closure. In such a case, IMARC-7 dose risks would increase above one, but not above about 10 millirem
per year. As will be explained shortly, this is most certainly an overestimate of this effect due to the conservatism of
the IMARC-7 diffusion model.
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"

Seepage fraction/flow rate: No sensitivity in 10,000-year dose risk was found due to
uncertainties in the fraction of the repository that is "wet" or in the flow rate of the drips.
Again, this is due to the dominance of diffusive release for technetium and iodine relative to
advective release and the amount of time it takes to cause additional drip shield, container,
and cladding failures to occur even under dripping conditions.

"

Solubilitylalterationtime: The two radionuclides dominating the 10,000-year dose risk
estimates, 1-129 and Tc-99, already are essentially solubility-unlimited. Thus, any
information that would improve Tc or I solubility estimates could only lower their release
rates. On the other hand, additional information on Np, U, and Pu solubility that resulted in
much higher upper solubility ranges than currently used could significantly increase the
release rates of these species from the waste form. However, as long as the current
uncertainty range in the sorption of these three species on UZ and SZ surfaces and the
groundwater velocity uncertainty in the UZ and SZ remain unchanged, none of these three
species will reach 18 km in sufficient quantities to cause an increase in 10,000-year dose risk
greater than one millirem per year. Plutonium exists largely in colloidal form, as the DOE
TSPA model takes into account." The existence of Pu as colloids rather than purely in solute
form would increase its apparent solubility. Furthermore, DOE considers the possibility that
Pu (and other) colloids may travel faster than as solutes. This effectively decreases the
amount they are retarded. However, it appears to EPRI that current DOE estimates of the
ability of colloids to travel long distances through the UZ and SZ without being filtered out
are conservative. Thus, EPRI believes that DOE's current estimates of dose contributions
due to Pu isotopes are too high.
The low end of the alteration time uncertainty, 1000 years, is already small compared to
10,000 years. Information that suggests the alteration time would be even lower would have
little effect on dose risk estimates.

"

UZ/SZ retardation: The two radionuclides dominating the 10,000-year dose risk estimates, I
129 and Tc-99, already are already assumed to have zero or near-zero retardation due to
sorption in on UZ and SZ mineral surfaces. Thus, any information that would improve Tc or
I sorption estimates could only lower their transport rates. On the other hand, additional
information on Np, U, and Pu retardation that resulted in much lower retardation ranges than
currently used could increase the transport rates of these species through the UZ and
especially through the SZ. For example, unretarded Np, U, or Pu transport would cause the
amount of these species released from the container failed early to reach 18 km within 10,000
years. However, as long as the current uncertainty ranges in the solubility of these three
species remain unchanged, none of these three species will reach 18 km in sufficient
quantities to cause an increase in 10,000-year dose risk greater than one millirem per year.

5.2.2 OtherAssessments of KTI Agreements Important to Risk Not Using IMARC
The IMARC logic tree, however, did not explicitly include uncertainties in cladding, container,
or drip shield performance, or in biosphere dose conversion factors and climate change. Neither
did it expressly consider uncertainty and variability in repository temperature histories or
13The

potential for colloid-aided transport of certain actinides has not yet been taken into account in IMARC.
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"fracture/matrix interaction" - the ability of radionuclides being transported in UZ and SZ
fractures to diffuse into the surrounding matrix. These factors are considered next.
While many of the uncertainty ranges in the FEPs defining the drip shield, container, and
cladding barriers were taken into account when the failure distributions were generated, some
other uncertainties associated with these barriers have not been captured, but may have an
influence. For example, the following assumptions that may be "significant" to dose risk
estimates have not been treated with explicit uncertainty analysis:
"

One container is assuomed to havefailed at the time of or shortly after repository closure.
IMARC-7 assumes that not even two containers have failed in the first 10,000 years. While
DOE presented arguments to suggest that even less than one container failed at emplacement
was more likely, it is possible, although unlikely, that more containers may fail either at
emplacement, or during the first few thousand years after repository closure. For example, if
additional work on deliquescence points of some compounds found in the Yucca Mountain
groundwater under elevated temperatures, coupled with other work suggesting these
compounds lead to early failure of the containers, then it is possible more containers could
fail early than currently estimated. Near-pure magnesium chloride solutions have even been
proposed under an extreme scenario. However, it would take approximately 1000 early
container failures to cause 10,000-year dose risk estimates to increase by one millirem per
year. Furthermore, this sensitivity is still likely an overestimate because of the conservative
diffusion model in IMARC-7. With a more realistictreatment of diffusion, it is likely that
100% of the containerscouldfail early and still not cause an increase in dose risk of much
more than one millirem per year.

"* One drip shield is assumed to have failed at the time of or shortly after repository closure.
While the technical basis for this assumption is currently weak, even if 100% of the drip
shields failed early, 10,000-year dose risks would not increase by one millirem per year
assuming all other natural and engineered barriers function as anticipated.
"* The cladding remains mostly intactformany thousands of years. The current assumption is
that 2.5% of the cladding is failed at the time of repository closure. Some have argued that
the long-term integrity of cladding is questionable. However, even if 100% of the cladding
failed at emplacement, the 10,000-year dose risks would not increase by one millirem per
year - assuming all other natural and engineered barriers function as anticipated.
Thus, no complete failure of one of the three of these main engineered barriers is likely to
increase 10,000-year dose risk estimates by one millirem per year. What would be needed is a
common-mode failure involving failure of a significant number of at least two of these three
barriers that would occur during the first several thousand years after repository closure. While
tunnel collapse coupled with other degradation modes might eventually cause failure of all three
barriers in some places, this combination of events is not expected to happen for many thousands
of years. Hence tunnel collapse would not likely cause a sufficiently large increase in 10,000
year estimated dose risks.
Unexpectedly corrosive local environmental conditions could possibly lead to common mode
failure. For example, high fluoride concentrations could lead to early failure of the drip shield."4
,4 See, for example Figure 5-5 in EPRI [2002].
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High fluoride concentrations will also negatively affect cladding integrity. Thus, work to rule
out such environmental conditions could be of value.
Plausible common mode failure mechanisms could arise from disruptive events, such as severe
seismic shaking coupled with major rockfall. However, the current most important "common
mode failure" event is volcanic disruption. Thus, assumptions related to the volcanic disruption
scenarios affecting cladding, drip shield, and container failure are likely to be important to dose
risk.' 5
EPRI has not yet considered uncertainties in the biosphere dose conversion factors (BDCFs).
While NRC has specified, in general terms the characteristics of the Reasonably Maximally
Exposed Individual to be assumed when making dose projections into the far future, along with
the amount of groundwater into which any radionuclides passing 18 kilometers downstream are
to be mixed, many other important parameters and assumptions governing the BDCFs are not
fixed. Treating BDCF uncertainty alone is unlikely to cause, for example, 1-129 or Tc-99
estimated dose rates to increase by a factor of 103 or more. However, it is possible that coupled
with, for example, poorer EBS behavior, an increase in estimated dose risk of more than one
millirem per year could occur. Thus, KTI Agreements addressing biosphere model uncertainties
could potentially be important to risk.
The IMARC-7 logic tree also does not include climate change uncertainties. This is because
previous IMARC analyses indicated that 10,000-year dose risk estimates were not highly
sensitive to climate change evolution during this time period. Furthermore, EPRI has assumed
full glacial maximum conditions persist starting just 2000 years after repository closure. Under
these conditions, we estimate that net infiltration is at a maximum, which results in higher
release rates from the repository and transport times through the UZ and SZ. Thus, it is likely
that any KTI Agreements having to do with improving our understanding of climate change will
lower, rather than increase 10,000-year dose risk estimates. DOE TSPA analyses have shown
that cycling between climate states can cause spikes in dose risks beyond 10,000 years.
However, during the first 10,000 years it is unlikely that more than the three climate states EPRI
has assumed will occur. Thus, it appears that information obtained as part of KTI Agreements
related to climate change would not be risk-informed.
Repository temperature history influences a variety of FEPs that are potentially risk-important.
For example, temperature influences the distribution and amount of groundwater entering the
drifts, local geochemistry, drift stability, and EBS barrier degradation rates. EPRI considered
these factors in developing its base case scenarios used in IMARC-7. Yet uncertainty in
repository temperature history was not included in the IMARC-7 logic tree. Furthermore, only
the higher temperature operating mode was considered. Thus, above-boiling conditions are
expected in the EBS and the rock immediately surround the drifts for approximately 2000 years
such that the repository remains "dry" (free of actively dripping groundwater into the open drifts)
during this time. After 2000 years, IMARC-7 assumes temperatures drop below boiling and
groundwater can then enter the drifts.
" At present, EPRI has not yet incorporated volcanic disruption into IMARC. However, the volcanic disruption
scenarios considered by both DOE and NRC lead to simultaneous failure of all three of these barriers in the affected
part of the repository.
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It is probable that higher temperatures than EPRI considered could lead to more rapid
degradation of the main engineered barriers - the drip shield, container, and cladding. Thus,
higher temperatures can be considered a common mode failure for all three barriers and, as such,
could be of concern. However, at the same time, higher temperatures would lead to an even
longer period of time during which groundwater dripping into the open drifts would be
prevented. Thus, higher temperatures than those EPRI considered would likely lead to higher
dose risk estimates, but at later times. It is doubtful that, even at higher initial temperatures, the
return of the potential for groundwater dripping into open drifts would be delayed past 10,000
years. Thus, 10,000-year dose risk estimates would likely increase if higher repository
temperatures than EPRI assumed occurred. Thus, KTI Agreements that address the possibility of
increased current estimates of repository temperature may be of risk-importance.
If DOE chooses a design that maintains the peak repository temperature below boiling, it would
have little effect on EPRI's current estimates of drip shield, container, and cladding failure rates
during the first 10,000 years. However, it would allow groundwater to enter the drifts 2000
years earlier. Thus, this would cause the time of the 10,000-year peak arrival to shift to an
earlier time, but would have little effect on the magnitude of the peak. Thus, any information
addressed in a KTI Agreement that would cause temperature estimates to decrease would have
little effect on peak 10,000-year dose risk estimates.
The degree of fracture/matrix interaction along the UZ and SZ transport pathways governs the
effective transport velocity of the radionuclides. Earlier EPRI TSPA reports considered this
effect [EPRI, 1998; 2000]. If there were less fracture/matrix interaction than EPRI currently
assumes, then transport times through the UZ and SZ would be shorter. For 1-129 and Tc-99 that
dominate the IMARC-7 10,000-year dose risk, increasing their rate of transport through the
Yucca Mountain system would have little effect on the magnitude of the 10,000-year peak dose
estimate, although would affect the timing somewhat. For transport of the major actinides to 18
km within 10,000 years to become important, fracture/matrix interaction would have to be
eliminated almost entirely. However, assuming the current range of uncertainty of actinide
solubility that EPRI uses is correct, then even significantly lower fracture/matrix interaction will
not be likely to cause an increase in 10,000-year dose risk estimates of one millirem per year.
5.3 Summary of FEPs and/or Barriers "Significant" to Dose Risk Estimates
Based on the above analyses and discussion, the list of FEPs and barriers for which the 10,000
year dose risk estimate is sensitive to the current uncertainty ranges is relatively short. The
following are likely to be risk-"important" (i.e., could affect 10,000-year dose risk estimates by
one millirem per year or more). All of them potentially lead to "common mode failures"
(degradation of more than one barrier at once):
Disruptive events:
"* Volcanic disruption scenarios;
"* Potentially, unusually strong seismicity.
Common mode EBS failures:
* Unexpectedly corrosive local environmental conditions;
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Potential for higher repository temperatures than currently estimated.
The following is potentiallyof risk-importance, so should be considered less important than
those listed above:
0

Colloid-aided transport.

There are several other FEPs and barriers of even lesser importance in the sense that they only
become risk-important if more than one of them fails at a time. While this may appear like a
common mode failure listed above, these other FEPs or barriers appear less prone to common
mode failures. Hence, the probability that more than one of them would perform much worse
than currently estimated is deemed to be quite low. An example of these would include saturated
zone transport properties: discharge rates, retardation factors, and fracture/matrix interaction.
Each of these properties is considered to be sufficiently independent from the other that it is
unlikely more than one of them would fall well outside the current uncertainty range (or assumed
single value). Thus, information collected as part of KTI Agreements in this area is likely to be
of low risk-importance.
In conclusion, KTI Agreements related to the effects on release and transport of disruptive
events, along with assessing the potential for common mode failures in the EBS are of high risk
importance and would be of value to complete. KTI Agreements providing information on
colloid-aided transport may be useful to complete, but should be given lower priority. Finally, if
there are any KTI Agreements that would provide information on common mode failures of
other barriers, these also may be of importance to complete, but should also be given very low
priority due to the unlikelihood of the large number of simultaneous barrier failure (or at least
major degradation) that would have to occur for these to be of risk-significance.
Thus, the majority of KTI Agreements address issues that are not sufficiently risk-significant
such that completion of the Agreements should not be required. It would be a significant
misdirection of resources if a requirement was established or commitment made to complete
these low risk-significance KTI Agreements. Completion of even the "easy" KTI Agreements
that are of low risk-significance should not be required. It should be left to DOE to determine
whether to expend the resources necessary to complete the KTIAs and at what time completion
should be accomplished.
This does not mean that EPRI feels no information is required related to FEPs and barriers of
lower risk significance. It is still necessary for DOE to present some evidence to support the
postulated behavior of the FEPs and barriers of lower risk-significance. However, there has
already been a significant amiount of information collected in virtually all of these areas as part of
DOE's decades-long Site Characterization effort that led up to the Site Recommendation in early
2002. The information collected during the site characterization process could be provided in the
LA and/or during the LA review process to support DOE's position on the specific issues.16
However, in those areas that are of little importance to 10,000-year dose risk, it is unclear how

16As

will be discussed in the next chapter, it is not necessary that all information collected during the site
characterization period be provided to NRC in the construction license application. Some may not be needed until a
later stage in the licensing process.
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much, if any, additional information is required. Rather, DOE's focus should now be placed on
those aspects of the repository whose uncertainty does affect 10,000-year dose risk significantly.
DOE has already proposed to NRC that many of the KTI Agreements it deems to be of lower
risk-significance not be completed. DOE has provided NRC with a report providing the general
basis for this approach [BSC, 2002]. According to DOE, the version of its TSPA code used to
determine which of the KTI Agreements are significant to 10,000-year dose risk (as presented in
BSC [2002]) has not completed all of the applicable requirements of DOE's quality assurance
program. At the time of this writing NRC has not yet decided whether use of this program to
justify scaling back and/or eliminating some KTI Agreements based on low risk significance is
justifiable due to this reason. While EPRI agrees that analyses used to support a license
application should be performed in accordance with an approved QA program, DOE and NRC
are still in the pre-licensing phase, as discussed in Section 5.1. If, as DOE has stated, it has
confidence that the conclusions about which KTI Agreements are risk-important will not change
after its TSPA code has completed all applicable quality assurance requirements, then DOE
should have the option of not completing some KTI Agreements recognizing the burden that
would accrue if the results of the final TSPA are significantly different. In the end, NRC will
need to examine the entire license application to determine if the information provided by DOE
is sufficiently complete for docketing. If, at that time, NRC determines there is still some
information it needs then NRC can request additional specific information from DOE at that
time.
The above analysis has not considered pre-closure issues. Similar analyses could be performed
to categorize the importance of these KTI Agreements to estimates of pre-closure safety risk.
5.4 Discussion of Some of the Individual KTI Agreements
The following subsections provide a somewhat more detailed discussion of some of the 293
individual KTI Agreements. Attention will be primarily focused on some of the KTI
Agreements that may provide information EPRI considers of potential importance to estimates of
10,000-year dose risk.
5.4.1 KTI Agreements Pertainingto Drip Shield, Container,or Cladding Life (D.
Shoesmith)
CLST 1.1 Provide documentation for Alloy 22 and titanium for the path forward
items on Slide 8. DOE will provide the documentation in a revision to AMR
"Environment on the Surfaces of the Drip Shield and Waste Package Outer
Barrier" by LA.
The items in this KTI are:
a) Establish the credible range of brine water chemistry
b) Evaluate the effect of introduced materials on water chemistry
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c) Determine likely concentrations and chemical form of minor constituents in Yucca Mountain
waters
d) Characterize Yucca Mountain waters with respect to the parameters which define the type of
brine which would evolve
e) Evaluate periodic water drip evaporation
f) Provide documentation of the above items in a revision to ANL-EBS-MD-000001 AMR.
Items a) through f) will be addressed, in turn.
a) A considerable effort has gone into this task, and a conservative definition of the credible
range is now available. An exact definition of environment is not necessary providing it can
be shown that the Waste Package (WP) and Drip Shield (DS) materials will not suffer
localized corrosion within the conservative range already defined, or that the amount of
damage sustainable will not significantly reduce the overall lifetime. An eventual definition
of a more reasonable range is worth pursuing as a medium priority goal.
b) "Introduced "materials could cover everything from dust to microbes. The definition of the
exposure environment that might be produced by water condensation within a dust layer is a
high priority, since it is the most likely exposure environment and has, to date, not been
defined. This priority is also emphatically established by the Waste Package Materials
Performance Peer Review Panel (WPMPRP). If it can then be shown that this environment
cannot sustain localized corrosion then a very large margin of uncertainty in WP/DS
corrosion performance would be removed. By contrast, the need to evaluate microbial
influences should be a low priority. Available information indicates neither material should
be susceptible to this form of corrosion. Additionally, if credible, it is a corrosion process
viable only in the long term when repository conditions become more benign (lower
temperatures, lower salinities, higher general humidities).
c) Rather than trying to characterize all minor constituents, effort should be concentrated on the
two key ones, lead and fluoride. The potential influence of lead has been identified as
specific to SCC, particularly of Alloy 22. Since, to date, tests have shown no effect on crack
growth rates, knowledge regarding the concentration of lead in YM waters is not critical, but
could provide enhanced confidence. However, the potential influence of fluoride on titanium
corrosion has been shown to be significant in laboratory tests, and a threshold has been
measured above which the general corrosion rate of titanium could increase by orders of
magnitude. A knowledge of the concentrations of fluoride in groundwater (before and after
evaporation) is essential if the long term survival of the drip shield is to be demonstrated.
d) It has previously been shown that the composition of evaporated waters can be predicted
based on the composition of the groundwaters from which they derive. This is known as the
principle of the Chemical Divide. Thus, characterization of Yucca Mountain waters would
allow the use of this principle to narrow the possible range of potential exposure
environments. If it could be demonstrated that the probability of forming very aggressive
Ca/Mg brines (which could allow formation of aqueous conditions at high temperatures, >
125°C) was very low to negligible, then the probability of localized corrosion and SCC would
be markedly reduced, if not eliminated. This would introduce a considerable improvement in
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safe operating margin for the Waste Package. However, as advantageous as this would be, it
is not an essential requirement.
e) Again evaluation of periodic water drip evaporation is not a top priority. It is more of a
confirmation test that what has been calculated and measured in laboratory experiments is
representative.
CLST 1.2 Provide documentation for path forward items on Slide 12. DOE will
provide the documentation in a revision to AMR "General and Localized
Corrosion of Waste Package Outer Barrier" by LA
This KTI addresses the issue of de-alloying at welds by MIC.
a) Perform surface elemental analyses of alloy test specimens for determination of selective
dissolution.
b) Surface analyze welded specimens for evidence of "de-alloying".
c) Continue testing in simulated saturated repository environment to confirm the enhancement
factor used for MIC.
d) Provide documentation by LA
MIC is not a priority issue. The priority corrosion issues are those that could cause extensive
damage in the early period of Waste Package emplacement when exposure conditions will be at
their most aggressive. For these conditions, temperatures will be high and relative humidy low,
and microbes would not be expected to flourish. Thus, any microbial influence on materials
degradation should be negligible compared to other more extreme influences. By the time
exposure conditions become more benign, and the growth of microbes becomes a significant
possibility, the other factors, such as temperature and extreme salinity, required to drive
aggressive modes of corrosion (localized, SCC) will not be present. Thus, in the longer term,
microbial effects would be limited to those expected on general passive corrosion. Although the
general corrosion rate values for Alloy-22 and Ti-7 form the basis for the prediction of waste
package and drip shield lifetimes, a factor of 2 (from - l0nm/year (no MIC) to -20 nm/year
(MIC)) is within the measurement error for the rates from the Long-Term Corrosion Test Facility
(LTCTF), which are Weibull-distributed between 0 and 700 nm/year. Presently, an enhancement
factor of 2 (based on electrochemical linear polarization measurements) is used to predict the
influence of microbial effects on passive corrosion based on electrochemical measurements.
Items a) through c) above will be addressed, in turn:
a) This item is good idea, but of low priority, and should be included in long term tests.
b) Welds are not expected to be significantly more susceptible to general passive corrosion than
the main body of the WP in the less aggressive environments likely to persist at longer
exposure times. Since microbially-induced short term de-alloying to render the weld
susceptible to SCC or localized corrosion appears negligible, this is a low priority
requirement.
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c) This is a performance confirmation test with a low priority and should be deferred.
CLST 1.3 Provide documentation that confirms the linear polarization resistance
measurements with corrosion rate measurements using other techniques. The
documentation will be provided in a revision to ANL-EBS-MD-000003 AMR
"General and Localized Corrosion of Waste Package Outer Barrier" by LA.
The linear polarization technique has not been used to provide the essential database for
corrosion rates used in performance assessment models, and any experimental effort expended to
verify its application should be discouraged in the short term. In a longer term performance
confirmation testing program it may or may not be necessary to make such a comparison
depending on whether it has been used to produce data critical to modeling efforts.
CLST 1.4 Provide the documentation for Alloy-22 and titanium for the path
forward items listed on slide 14. DOE will provide the documentation in a revision
to AMR "ANL-EBS-MD-000003 and ANL-EBS-MD000004" by LA.
This KTI issue is the continued accumulation of corrosion rates over long exposure periods.
a) Continue testing in the long-term corrosion test facility (LTCTF).
b) Add new "bounding water" test environments to LTCTF (SSW and BSW).
c) Install thinner coupons in the LTCTF with larger area/volume ratios - e.g., 10 cm x 10 cm
(presently 5 cm x 2.5 cm is used) and thereby decrease measurement error.
d) Install high sensitivity probes of Alloy-22 in some LTCTF vessels - permits on-line
measurements and monitoring of changes in corrosion rates.
e) Materials testing continues during performance confirmation.
f) Provide documentation by LA
The general goal of accumulating a much more extensive database of general corrosion rates is
an essential one. However, in the short-term it is only a priority to make sure continuity in the
accumulation of rates as a function of time is not lost. This is clearly stated as a goal in (a) and
(e). Amendments and improvements are not short-term priority issues, but it makes sense to add
the new bounding water tests, (b), so that a good database of rates in a wider range of
environments is available.
CLST 1.5 Provide additional details on sensitivities, resolution of measurements,
limitations, and deposition of silica for the high sensitivity probes. DOE will
document the results of the sensitivity probes including limitations and
resolution of measurements as affected by silica deposition in the Alloy-22 AMR
and Ti Corrosion AMR.
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As with CLST 1.4, improvements in the measurements of low corrosion rates are to be
encouraged, but are not a LA-CA priority.
CLST 1.6 Provide the documentation on testing showing corrosion rates in the
absence of silica deposition. DOE will document the results of testing in the
absence of silica deposits in the revision of Alloy-22 AMR (ANL-EBS-MD-000003)
prior to LA.
In the short-term, this is not a high priority since the present database of corrosion rates from the
LTCTF is consistent with values measured by other techniques and published in the peer
reviewed literature, despite the uncertainties due to silica deposition. This is especially so for the
Ti-7 rates. However, the distribution of rate values is very wide, and a considerable reduction in
uncertainty could be gained if a more accurate assessment of the effect of silica deposition can be
made.
CLST 1.7. Provide documentation for the alternative methods to measure
corrosion rates of the waste package materials (e.g., ASTM G-1 02 testing) or
provide justification for the current approach. DOE will document the alternative
methods of corrosion measurement in the revision of Alloy-22 AMR (ANL-EBS
MD-000003) prior to LA.
The use of alternative methods to measure corrosion rates is a good idea, since it will help
remove conservatisms and reduce uncertainties in the database of rates.
CLST 1.8. Provide the documentation for Alloy-22 and titanium for the path
forward items listed on slide 16 and 17. DOE will provide the documentation in
the revision to AMRs (ANL-EBS-MD-000003 and ANS-EBS-MD-000004) prior to LA.
This KTI addresses the issue of the long-term stability of passive films, and has been the focus of
intensive international and national peer-review over the last year or so. The issues involved are
the following:
a) Calculate potential-pH diagrams for multi-component Alloy-22.
b) Grow oxide films at higher temperatures (90 - 175'C) in autoclaves, in air and/or
electrochemically (anodic polarization) to accelerate film growth for compositional and
structural studies.
c) Resolve kinetics of film growth: parabolic or higher order, whether film growth becomes
linear, and if, as the film grows, it becomes mechanically brittle and spalls.
d) Determine chemical, structural, and mechanical properties of films, including thickened
films.
e) Correlate changes in Eco. measured in the LTCTF with compositional changes in passive
films over time.
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f) Perform analyses on cold-worked materials to determine changes in film structural
properties.
g) Perform examination of films formed on naturally occurring Josephinite.
h) Compare films formed on Alloy 22 with the passive films on other similar alloys.
i) Provide the documentation for Alloy-22 and titanium related items listed above in the
revision to AMRs (ANL-EBS-MD-000003 and ANL-EBS-MD-000004) prior to LA.
A coherent understanding of the passivity of Alloy-22 and titanium by LA is an impossible task,
and should not be a priority anyway. There any many corrosion issues that are more important to
address. These include SCC in and around welds and a demonstration that localized corrosion
processes cannot produce significant damage while repository conditions remain hot and
aggressive. While the above features, and others, are important in understanding and predicting
passive corrosion behavior, they do not constitute a coherent program to understand passivity
and its evolution with time.
There is a significant mismatch of issues between this list and the priority items relating to
passivity listed by the recent Waste Package Materials Performance Peer Review Panel. For
example, that review identified the impurity segregation effects (e.g., of S and possibly P) as a
key issue in long-term passivity. This does not appear on the above list. This is not surprising
since the above list was constructed before the Panel reported. It will almost certainly be
revisited in the light of that review, and there is, therefore, no point in addressing each individual
item in the above list. What is required by construction LA is just a coherent, well argued, plan
for dealing with passivity. In terms of priorities, passivity is a long-term issue.
A number of specific points are worth making about the items in the above list. There is no
clearly defined reason to expend effort in calculating potential-pH diagrams (a). While it may aid
in identifying the chemical nature of precipitated intermetallics, it is the kinetics, not the
thermodynamics, of their formation which is critical. A similar objection applies to calculating
the nature of oxides that may form on the alloy surface. Passive oxides are well known to be
highly defective solids of non-uniform composition, and a long way from thermodynamic
stability.
While (b) will provide some useful information it should be noted that the properties of passive
films often change with growth rate. Consequently, there is no guarantee that films grown under
accelerated conditions will necessarily be representative of those grown more slowly over longer
periods of time.
CLST 1.9 Provide the data that characterizes the passive film stability, including
the welded and thermally aged specimens. DOE will provide the documentation in
a revision to AMRs (ANL-EBS-MD-000003 and ANL-EBS-MD-000004) prior to LA.
This is a long-term goal equivalent to those in CLST 1.8.
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CLST 1.10 Provide the documentation for Alloy-22 and titanium for the path
forward items listed on slides 21 and 22. DOE will provide the documentation in a
revision to AMRs (ANL-EBS-MD-000003 and ANL-EBS-MD-0000004)
This KTI refers to issues important in the area of localized corrosion. The specific issues
involved are the following;
a) Measure corrosion potentials in the LTCTF to determine any shift of potential with time
toward the critical potentials for localized corrosion.
b) Determine critical potentials on welded and welded-and-aged coupons of Alloy-22 and
compare them to those measured for the base alloy. This is particularly important if
precipitation or severe segregation of alloying elements occurs in the welds.
c) Separate the effects of the ionic mix of species in Yucca Mountain waters on critical
potentials. The aim is to determine the separate effects of damaging species, such as chloride,
fluoride, and possibly sulfate, from the effects of potentially benign species, such as nitrate,
carbonate and silicate. In this manner it is hoped to separately determine the aggressiveness
of pore water, perched water, and groundwater, which all have different ionic ratios.
d) Determine critical potentials in environments containing heavy metal concentrations; e.g. Pb,
As, and Hg.
e) Provide documentation for Alloy-22 and titanium related items listed above in a revision to
AMRs (ANL-EBS-MD-000003 and ANL-EBS-MD-000004) prior to LA.
The issue of localized corrosion is a high priority issue that should be addressed in some detail.
Accumulated evidence to date suggests localized corrosion, more specifically crevice corrosion,
should not occur. However, the residual uncertainties over the composition of the exposure
environment make a definitive exclusion of localized corrosion presently impossible.
The list of experiments, (a) to (d), address only the issue of susceptibility and represent,
therefore, an assumption that it will eventually be shown that crevice corrosion is impossible. A
better approach would deal with the propagation/repassivation of localized corrosion and attempt
to demonstrate that, even if it cannot be shown unequivocally that Alloy-22 and Titanium will
not crevice corrode, it can be shown that the compositional and metallurgical properties of the
materials will only allow relatively small amounts of damage to be sustained.
Although it is not mentioned in the list of experiments, (a) to (d), the critical potentials discussed
have been, or are being, recorded on planar specimens. This will not allow the determination of
susceptibility to the most likely process, crevice corrosion, and to persist with this approach
could lead to unwarranted optimism. To illustrate this reservation, the critical potentials for
pitting (measured on an open specimen) and crevice corrosion (measured on a creviced
specimen) are - 7-9V and < 0.1 V, respectively, for commercial purity titanium. Other studies
confirm that even Ti-7 will sustain some damage within a creviced area, although the depth of
penetration is limited to -3 to 5pm.
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The series of experiments proposed in (c) constitutes a substantial effort and should be
considered a low priority task to be spread out over an extended confirmation testing period.
CLST 1.11 Provide the technical basis for the selection of the critical potentials as
bounding parameters for localized corrosion, taking into account MIC. DOE will
provide the documentation in a revision to AMRs (ANL-EBS-MD-000003 and ANL
EBS-MD-000004) prior to LA.
As a straight forward exercise in documentation this is fine. An influence of MIC on critical
potential is unlikely to be measurable, and no specific effort should be wasted in trying to
measure it. Both Alloy-22 and titanium are very resistant to MIC and a measurable influence of
MIC in a polarization scan used to measure critical potentials is likely to be frustratingly
unproductive. Also, the critical potential of most value is the repassivation potential,
recommended by the Waste Package Materials Performance Peer Review Panel. This parameter
will be controlled by the chemistry within any breakdown site, not by the environment, microbial
or otherwise, of external exposure. Consequently, this critical parameter is unlikely to reflect an
influence of MIC, even if a microbial effect is the initial cause of breakdown.
CLST 1.12. Provide the documentation for Alloy-22 and titanium for the path
forward items listed on slides 34 and 35. DOE will provide the documentation in a
revision to AMRs (ANL-EBS-MD-000003 and ANL-EBS-MD-000004) prior to LA.
This KTI addresses stress corrosion cracking and deals with the following issues,
a) Qualify and optimize mitigation processes.
b) Generate SCC data for mitigated material over the full range of metallurgical conditions,
including base metal, as-welded, welded and aged, and cold worked.
c) Expose these specimens in new vessels within the LTCTF.
d) Continue slow strain rate testing (SSRT) in the same environments used in LTCTF tests and
using the full range of metallurgical conditions specified in (b).
e) Determine repassivation constants needed for the film-rupture SCC model to obtain values
for the model parameter, n.
f) Continue reversing direct current potential drop crack propagation rate determinations in
these environments using this range of specimens.
g) Evaluate SCC resistance of welded and laser peened material vs non-welded unpeened
material.
h) Evaluate SCC resistance of induction annealed material.
i) Evaluate SCC resistance of full thickness material (with welds) obtained from the
demonstration prototype cylinder of Alloy-22 (i.e., the mock-up of the SR design).
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j)

Provide the documentation for the Alloy-22 and titanium related items listed above in AMRs
(ANL-EBS-MD-000005 and ANL-EBS-MD-000006.

The need to demonstrate that the waste package closure weld can be made without introducing
significant SCC problems is THE key issue that must be addressed. The defense against SCC is
the stress mitigation processes that will be applied to the closure lid welds. Thus, (a) is a critical
goal that must be achieved, and a substantial amount of SCC testing (b) needs to be performed to
achieve this goal. This data will be more meaningfully and rapidly achieved using the reversing
direct current potential drop crack propagation rate measurement, (f), than in longer-term
exposure of stress corroded specimens in the LTCTF, (c). Thus, (f) along with (g), (h), and (i)
should be considered of the highest priority. While useful, the slow strain rate tests ((d)) are
unlikely to produce definitive results, and the LTCTF tests ((c)) should be considered more as
performance confirmation, but nonetheless essential tests than as critical short-term
requirements. The measurement of parameter values for the film-rupture slip-dissolution model
((e)) are of medium priority.
CLST 1.13. Provide the data that characterizes the distribution of stresses due to
laser peening and induction annealing of Alloy-22. DOE will provide the
documentation in a revision to AMR (ANL-EBS-MD-000005) prior to LA.
This is a key goal. It is essential to validate finite element calculations of stress distributions.
CLST 1.15. Provide the documentation for Alloy-22 and titanium for the path
forward items listed on slide 39 in a revision to SCC and General and Localized
Corrosion AMRs (ANL-EBS-MD-000003, ANL-EBS-MD-000004 and ANL-EBS-MD
000005) by LA.
This KTI deals with fabrication and welding issues for Alloy-22, and includes the following
specific issues:
a) Install specimens cut from welds of the SR design mock-up in the LTCTF tests and in other
SCC test environments, having determined which specimen geometry is the most appropriate
to allow SCC evaluation.
b) Evaluate scaling and weld process factors between thin coupons and dimensions in actual
welded waste package containers, including the thermal/metallurgical structural effects of
multi-pass weld processes.
c) Provide representative weld test specimens for MIC work, thermal aging studies and the
evaluation of localized corrosion.
d) Provide the documentation for Alloy-22 and titanium related items listed above in a revision
to the SCC and General and Localized Corrosion AMRs (ANL-EBS-MD-000003, -000004,
and -000005.
Waste package fabrication and welding issues are high priority issues that must be addressed.
An extensive program should be underway with the goal of demonstrating that the packages can
be fabricated, welded and stress-relieved. While task (a) is essential, LTCTF tests will not yield
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significant information to be included in pre-LA documentation and an effort should be made to
perform evaluations by other techniques, as outlined in CLST 1.12. Although non-specific as to
what techniques will be used in evaluations, (b) is a key task that should be addressed. The
provision of specimens for other tests is very important for aging and particularly localized
corrosion studies, but of limited value in MIC tests. As discussed above, MIC is not a priority
issue.
CLST 1.16. Provide the documentation on the measured thermal profile of the
waste package material due to induction annealing. DOE stated that the thermal
profiles will be measured during induction annealing, and the results will be
reported in the next SCC AMR (ANL-EBS-MD-000005) prior to LA.
The documentation of this information seems appropriate.
CLST 1.17. Provide additional detail on quality assurance acceptance testing.
DOE stated that it would provide guidance and criteria in the next revision of the
Technical Guidance Document (TGD) for LA. The development of the LA sections
and associated programs and process controls for the procurement and
fabrication of waste package materials and components will be included. This will
include consideration of the controls for compositional variations in Alloy-22. The
TGD revision will be issued by June 2001, contingent upon NRC publication of
the final 10 CFR 63 and the Yucca Mountain Review Plan.
This is a documentation issue that is important.
CLST 2.4. Provide information on the effect of the entire fabrication sequence on
phase instability of Alloy-22, including the effect of welding thick sections using
multiple weld passes and the proposed induction annealing process. DOE stated
that the aging studies will be expanded to include solution annealed and
induction annealed Alloy-22 weld and base metal samples from the mock-ups as
well as laser peened thick, multi-pass welds. This information will be included in
revisions of the AMR "Aging and Phase Stability of the Waste Package Outer
Barrier," ANL-EBS-MD-000002", before LA.
The characterization of weld precipitates and other weld metallurgical features are important in
the development and optimization of weld fabrication and stress mitigation procedures and,
therefore, these studies are of high priority. Such studies have been rightly emphasized by the
Waste Package Materials Performance Peer Review Panel. These characterization studies are an
essential precursor to the SCC and localized corrosion testing issues outlined above. The effort
required to optimize welding procedures should not be underestimated.
Of equal, if not greater, importance is the issue of weld inspection to determine the number,
density and distribution of weld defects. These sites will be the most important stress raisers in
the weld area and the most likely precursor sites, therefore, for crack initiation and growth.
Presently, the probability of weld flaws and their size distribution is based on data from nuclear
pipe welds. While this is a good starting point, it is essential to obtain data from real welded
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specimens and waste package mock-ups, to test the applicability of the data presently used and to
calibrate and validated weld simulation codes.
CLST 2.5. Provide the "Aging and Phase Stability of Waste Package Outer
Barrier"" AMR, including the documentation of the path forward items listed in
"Sub-issue 2: Effects of Phase Instability of Materials and Initial Defects on the
Mechanical Failure and Lifetime of the Containers" presentation, slides 5 and 6.
DOE stated that this AMR was issued on 3/20/00. This AMR will be revised to
include the results of the path forward items before LA.
This KTI addresses aging and phase instability studies and deals with the following specific
issues:
a) Evaluate the data input to current models and try to reduce uncertainties.
b) The aging of Alloy-22 welded and non-welded samples is on-going. These samples are being
prepared for microstructural characterization studies, tensile property tests, and Charpy
impact tests.
c) Theoretical modeling will be employed to enhance the confidence in extrapolating aging
kinetic data to repository thermal conditions and time scales. Modeling will be based on
thermodynamic principles.
d) Alloy-22 samples for SCC compact tension tests, for welded and non-welded specimens, are
being added to the aging studies.
e) The test program will be expanded to include welded and cold worked materials.
f) The effects of stress mitigation techniques, such as laser peening and induction annealing on
phase instability will be investigated.
g) The aging test facility will be expanded to include aging temperatures less than 300'C.
h) Provide documentation of the above items in the AMR on "Aging and Phase Instability of
Waste Package Outer Barrier".
Aging studies are of high priority with regard to welds, but not so important in the general body
of the waste package. The formation of small precipitates is almost unavoidable during welding
and stress mitigation procedures. Thus, aging kinetics, which are likely to be negligible in the
main body of the package, could be different within the weld and the surrounding area. A similar
argument was made by the Waste Package Materials Performance Peer Review Panel.
It is necessary to characterize these effects if arguments against SCC and localized corrosion are
to be justified. The majority of effort should be expended on welded and welded and stress
relieved specimens.
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CLST 2.6. Provide the technical basis for the mechanical integrity of the inner
overpack closure weld. DOE will provide the documentation in AMR, ANL-UDC
MD-000001, Rev.00 (Design Analysis for UFC, Waste Packages) prior to LA.
This is a key goal and of high priority.
CLST 2.7. Provide documentation for the fabrication process, control, and
implementation of the phases that affect the TSPA model assumptions for the
waste package (e.g., filler metal, composition range). DOE stated that updates of
the documentation on the fabrication processes and controls (TDR-EBS-ND
000003, Waste Package Operations Closure Weld Technical Guidelines
Document) will be available to the NRC in January 2000.
As with welding, package fabrication issues are of primary importance.
CLST 6.1. Provide documentation for the path forward items in the "Subissue:
Alternative EBS Design Features - Effect on Container Lifetime" presentation,
slides 7 and 8. DOE stated that the documentation of the path forward itmes will
be completed and as results become available, they will document in the
revisions of AMDs (ANL-EBS-MD-000005, Stress Corrosion Cracking of the Drip
Shield, the Waste Package Outer Barrier and the Stainless Structural Material,
and ANL-EBS-MD-000004, General Corrosion and Localized Corrosion of the Drip
Shield), to be completed by LA.
This KTI refers to consideration of the effects of backfill, ceramic coatings, and container wall
thickness. Since backfill and ceramic coatings are not part of the current design they are
presently of no significance and are not receiving any attention. The current waste package
design is thinner than that in the Viability Assessment and, hence, radiation fields on the outside
of the package will be slightly higher. This increase is insignificant in terms of radiolysis
enhanced corrosion. Despite opinions of the Waste Package Materials Performance Peer Review
Panel to the contrary, this does not merit a reinvestigation of the effects of radiolysis on
corrosion. No effort should be put into this area.
CLST 6.2. Provide additional justification for the use of a 400ppm hydrogen
criterion or perform a sensitivity analysis using a lower value. DOE stated that
additional justification will be found in the report "Review of Expected Behavior
of Alpha Titanium Alloys under Yucca Mountain Conditions", TDR-EBS-MD
000015.
The two most important features of the drip shield are hydrogen absorption leading to the
possibility of hydrogen-induced cracking and the effect of fluoride on general passive corrosion
rates. The value of 400 ppm was taken from the Canadian program and no effort has been made
to make any further measurements in this area. The value is a lower bound of the hydrogen level
at which the material fracture toughness first shows any decrease due to hydrogen, and values for
titanium Grade-2 and Grade-12 range from 400 up to 1000ppm. For the Pd-containing alloy,
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Grad-16, this value is > 1000ppm, and a similar or higher value would be expected for Grade-7
titanium.
A further attempt to justify that 400 ppm is a conservatively low value for the Ti-7 drip shield is
underway, but, to our knowledge, no experimental measurements are planned. Although such
measurements are not a high priority, it would make sense to make some measurements on Ti-7.
The suggestion that sensitivity analyses be performed with a value < 400 ppm seems
unnecessarily conservative, and presumably reflects a suspicion that these alloys will behave like
a43 titanium alloys known to be more susceptible to hydrogen effects. There is no evidence to
support this suspicion.
CLST 6.3. Provide the technical basis for the assumed fraction of hydrogen
absorbed into titanium as a result of corrosion. DOE stated that additional
justification will be found in the report "Review of Expected Behavior of Alpha
Titanium Alloys under Yucca Mountain Conditions", TDR-EBS-MD-000015.
This KTI refers to Drip Shield corrosion issues dealing with hydrogen absorption. The fraction
of hydrogen produced in the corrosion process that is subsequently absorbed by the Ti-7 is
calculated from the general corrosion rate (from the LTCTF tests) and an absorption coefficient
from the peer-reviewed literature. While the technical basis for this is easily explained no effort
has been made to analyze the hydrogen contents of corroded specimens. Thus no database is
being accumulated in support of the drip shield model beyond the on-going measurements of
corrosion rate in the LTCTF.
While this is not a top priority, some measurements must be undertaken, if there is to
be any decrease in the uncertainties associated with hydrogen effects in Ti-7.
TSPAI 3.02. Provide the technical basis for resampling the general corrosion
rates and the quantification of the impact of resampling of general corrosion
rates in revised documentation (ENG 1.1.1)
This KTI refers to the resampling of corrosion rates half way through the wall thickness when
running the WAPDEG code. This is merely for convenience, but NRC thought that this
procedure might lead to non-conservative waste package failure rates. The M & 0 has submitted
a letter to NRC demonstrating that the procedure has no discernible influence on predicted
lifetimes.
TSPAI 3.03. Provide the technical basis for crack arrest and plugging of crack
openings (including the impact of oxide wedging and stress redistribution) in
assessing the impact of SCC of the drip shield and waste package in revised
documentation (ENG 1.1.2 and ENG 1.4.1)
This KTI addresses NRC's request for a better basis for the plugging of SCC cracks in the drip
shield, as well as the consideration of crack opening due to multiple rockfall, the presence of
static loads and the influence of stress build-up due to corrosion product wedging. The M & 0
has produced an analysis showing that these issues are not important for dose calculations and,
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that, even the removal of the drip shield (its neutralization in modeling terms) shows only a
marginal effect on calculated doses.
Although the WAPDEG model does not contain an adequate model for the localized corrosion of
the waste package, our own IMARC calculations, which do include a consideration of localized
corrosion of the WP, reach a similar conclusion about the drip shield. Consequently, this issue is
not of very high priority. The issue of corrosion product wedging is a non-issue. This process is
generally observed on reactive metals (iron, carbon steel) undergoing general corrosion at the
site where the corrosion is occurring. For such a stress to build up a conversion of a considerable
amount of metal to oxide (leading to a significant increase in volume) must occur. This will not
be the case at a crack site in Titanium Grade-7. Activity would be confined to the crack tip prior
to failure, and after failure all exposed surfaces would repassivate. Consequently, the build up of
titanium corrosion products would be minimal. We see little point in pursuing this issue.
TSPAI 3.04. Provide the technical basis that the representation of the variation of
general corrosion rates (if a significant portion is a lack of knowledge
uncertainty) does not result in risk dilution of projected dose responses (ENG
1.3.3).
It is planned to deal with this issue in appropriate AMRs and TSPA-LA documentation. A decent
case can be made in support of the corrosion rates measured for Alloy-22 and particularly Ti-7.
The published literature contains rates that are in the range of those measured for these alloys in
the LTCTF at LLNL, and a good mechanistic justification can be offered in their support. This
should be dealt with as part of the longer term efforts to understand the evolution of passive
films with time.
TSPAI 3.05. Provide the technical basis for the representation of
uncertainty/variability in the general corrosion rates in revised documentation.
This technical basis should provide a detailed discussion and analyses to allow
reviewers the ability to interpret the representations of 100% uncertainty, 100%
variability, and any intermediate representations in the DOE model (ENG 1.3.6).
A detailed justification for an adopted split between uncertainty and variability will take a
considerable amount of time. There will inevitably be a degree of arbitrariness about such a
split. Again, increased certainty and a real measure of the variability in rates can only be
achieved in the long term based on the accumulation of significant databases. This is not a major
issue.
TSPAI 3.12. DOE should complete testing of corrosion in the chemical
environments predicted by the model or provide a technical basis why it is not
needed (ENG 1.8).
These tests (in the LTCTF at LLNL) should continue through out a confirmation testing period.
The key issue here is the specification of the exposure environment and the accumulation of
corrosion testing data. These are key issues, and, as testing continues, it will be possible to
provide the technical basis requested.
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TSPAI 3.13. Provide a comparison of the environments for corrosion predicted in
the models, to the testing environments used to define empirical corrosion rates
in revised documentation (ENG 3.2.1).
This is a reasonable and an achievable goal.
5.4.2 KTI Agreements on Igneous Activity
EPRI briefly considered igneous activity KTI Agreements numbered 1.1, 1.2, and 2.1 through
2.20. It appears that the information to be provided in these Agreements will be useful in
improving our understanding of the dose risks associated with potential igneous activity with the
following exceptions:
"* IA 2.16: Given that Part 63 does not require DOE to consider climate change in defining the
reasonably maximally exposed individual, it seems inconsistent to consider climate change in
calculating disruptive event BDCFs.
"

IA 2.10 and 2.19: While it seems possible to determine container strengths at temperature, it
will be more difficult to obtain good information about the stresses the containers would be
subjected to. Nevertheless, it will be necessary to develop an approach to providing
reasonable assumptions about stresses on containers during and after an eruption.

5.4.3 KTI Agreements on Geochemical Issues
5.4.3.1 KTI Agreements Associated with a Reference Thermodynamic Database (M.
Apted)
Background
There are two Key Technical Issues (KTI) discussed in this review, both related to thermo
dynamic databases used for all geochemical analyses supporting the Yucca Mountain Project
(YMP):
"* ENFE 3.2 Provide the thermodynamic database and the report associated with the database.
"* TSPAI 3.15 Define a reference EQ3/6 database for the Yucca Mountain Project.
Importance of Thermodynamic DatabaseKTIs
Geochemical analysis is crucial to several aspects of repository performance, specifically
container corrosion/ lifetime predictions and mobilization of radionuclides from nuclear waste
forms once containers have failed. There are many separate analyses and KTI's that rely on this
data base, especially those related to evolution in composition of pore waters that may be
modified by repository heating, interaction with near-field rock minerals, and interactions with
engineered barrier materials to control in-drift chemistry and waste forms. Therefore, the
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information referred to by these KTI's is now, and always will be, strongly relevant to
assessments of repository performance and safety.
Issues Regarding Thermodynamic DatabaseKTIs
There are several aspects of the thermodynamic database that can only be verified by means of
the extended period of performance confirmation using actual repository barrier materials.
These aspects include:
"* kinetics: even at the elevated temperature of 90 0C, chemical kinetics of alumino-silicate
rock-forming minerals, oxides (such as UO2), and metals (such as container materials) are
relatively sluggish. Slow kinetics hinders the formation of the full equilibrium conditions
calculated by codes such as EQ3/6.
Thus, it can be expected that it will require extended tests conducted at elevated temperature
to explore the rate at which near-field and in-drift geochemical conditions approach those
equilibrium conditions calculated with geochemical codes using the reference
thermodynamic databases.
"* metastability:the reactions of low-temperature (< 100°C) systems in nature typically
progress through the formation of a series of metastable alteration phases before forming the
most stable phases that are predicted by equilibrium geochemical codes, such as EQ3/6. For
example, metastable amorphous SiO 2 (am) typically forms initially, rather than the predicted,
more thermodynamically stable crystalline quartz, SiO2 (c). Amorphous phases are always
much more soluble than compositionally identical crystalline phases. This issue is perhaps
not so important for prediction of stable-element composition of pore waters (although
clearly performance confirmation test results may differ significantly compared to
equilibrium predictions), but metastability is absolutely vital to confirming credible
solubility-limits for solid phases containing radioelements. The difference in solubility
between UO (am) and UO2 (c), for example, is several orders of magnitude (the amorphous
phase, more likely to form initially, having a higher solubility). The dispute over the most
credible solubility-limiting phase for the key radioelement Np is also made significantly
uncertain because of potential metastability.
Here again, only extended performance confirmation tests conducted over a range of
conditions is likely to be able to successfully resolve such issues of metastability.
"

trace-element(co-precipitation)behavior of radioelements: despite significant efforts by
YMP, the available thermodynamic data base for stable elements is far more extensive and
verified for ranges of environmental conditions (e.g., temperature, salinity, activity of
complexing ions) than is the thermodynamic data base for radioelements. This is due, in
part, to the trace-level abundances of radioelements in natural systems, where it is unusual
for discrete phases to form that are composed dominantly of radioelements17 Thus, the

'7Uranium ore bodies, essentially a nuclear waste repository in reverse, typically form because of sharp gradients in

certain geochemical conditions, such as redox potential or Eh. The ore body accumulates over a long period of time
as the trace-level concentrations of dissolved uranium precipitates in the form of an insoluble mineral because of
lower uranium solubility under reducing conditions.
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predictions of radioelement solubility limits using equilibrium codes and associated
thermodynamic database are based on the assumption that pure radioelement-phases form,
yet laboratory and field studies clearly indicate that such trace-abundant radionuclides will
form co-precipitates with stable elements. The ability to bound the concentrations of co
precipitated radionuclides by use of pure radioelement phases will need to be tested and
verified. Given difficulties with detection limits and proper simulation of the actual
environmental conditions and solids phases within a waste package, it is likely that such
information can only be obtained during the extended laboratory and field tests of the
performance confirmation period.
In summary, there are numerous scientific issues regarding thermodynamic databases to be used
for evaluating long-tem repository performance. Resolution of these issues, especially on a site
specific basis, will require extended and well-controlled performance confirmation tests. Based
on the results of such performance confirmation tests, both the data and conceptual basis for
current thermodynamic databases will be continually updated until the time of final repository
closure.
Recommendation

These specific KTI's associated with up dating of thermodynamic databases should not be linked
to completion before license application. There are several reasons for this.
"

First, there are key scientific and conceptual issues regarding the chemical behavior of trace
element concentrations of radionuclides. These issues can only be resolved from extended
(both in time and space) tests as planned for the performance confirmation period after LA
but prior to final repository closure.

"

Second, the specific chemical behavior of radionuclides at Yucca Mountain will depend
strongly on the site-specific environmental conditions (e.g., rock petrology, pore water
chemistry, specific engineered barrier materials). This type of site-specific data can only be
obtained from extensive underground performance confirmation testing that will occur after
the license application process has begun.

"

Third, additional thermodynamic data relevant to geological repositories for nuclear waste
disposal are now, and will be in the future, continually collected by both repository programs
and basic research programs throughout the world. With respect to a repository at Yucca
Mountain, a reference thermodynamic database will continually evolve, based on new data
and perhaps new conceptual and mathematical models for interpreting the entire database.
As argued above, some of the more relevant data that must now be collected to resolve
scientific issues can only be obtained in an extended performance confirmation program, as
planned by YMP.

As a sensible beginning point to this continual process of obtaining site-specific confirmation of
thermodynamic data, the first of the two KTI Agreements above meets this objective. This
initial database serves as a reference point both for a license application, as well as further
development and revision by YMP. The current thermodynamic database provides an entirely
suitable basis for discussions between YMP, the USNRC and other independent stakeholders
during the licensing process. The purpose of such discussions ought to be:
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"

identifying what further data are needed that significantly impact safety assessment for the
repository (i.e., selectively and efficiently guide future R&D),

"* devising laboratory and field tests within a performance confirmation program aimed at
verifying key data or assumptions (e.g., kinetics, metastability, trace-element behavior) that
may significantly affect repository safety, and
"* managing the regular review, QA-documentation, and inclusion within the evolving
thermodynamic database of newly generated thermodynamic data from both within and
outside YMP.
5.4.3.2 KTI Agreements About Near-Field Chemistry (R. Arthur)
Many of the Key Technical Issue Agreements (KTIAs) identified by the DOE and NRC deal
with the chemical environment within emplacement drifts (in-drift chemistry KTIAs) and
chemical conditions inside a breached waste package (in-package chemistry KTIAs). These
KTIAs are considered together in the present review because the issues involved are closely
related, and because the same basic approach is recommended for dealing with both sets of
KTIAs. For the sake of clarity, this combined set of KTIAs is referred to below as the "Near
Field Chemistry KTIAs.
Background
There are 5 in-drift chemistry KTIAs associated with the approach used by DOE to estimate the
physical and geochemical environment within emplacement drifts. The approach as implemented
in TSPA is used to generate time-dependent estimates of the infiltration rate, temperature,
relative humidity and chemical conditions at the drift wall over four discrete time intervals: 1)
preclosure, 2) boiling, 3) transitional cooldown, and 4) extended cooldown. The estimates for
each time interval are based on the following predictions:
"* composition of water and gas entering the drift from the surrounding host rock,
"* composition of solutions within the drifts that can further evaporate and precipitate salts,
"• effects of microbial activity on the in-drift chemical environment,
"* effects of engineered materials such as steel and cement, and
"• chemical environment at the surfaces of the drip shield and waste package.
The predictions are based primarily on results from laboratory and field-scale tests,
supplemented by observations from natural/archaeological analogues and geochemical
calculations using PHREEQC and the EQ3/6 software package. The basic conceptual models
supporting the predictions are described in the "Engineered Barrier System: Physical and
Chemical Environment Model" AMR (ANL-EBS-MD-000033, Rev. 00), the "In-Drift
Precipitates/Salts Analysis" AMR (ANL-EBS-MD-000045, REV 00) and the "Environment on
the Surfaces of the Drip Shield and Waste Package Outer Barrier" AMR (ANL-EBS-MD
000001, Rev 00).
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There are 19 in-package chemistry KTIAs associated with models used by DOE to predict
changes in chemical conditions inside a breached waste package. These changes will occur as in
drift solutions seep into the package and react with the waste form and waste package internal
18
structures . DOE simulates interactions among in-drift fluids, waste forms and waste-package
internals using a flow-through (solid-centered), reaction-path model in the EQ3/6 software
package. The model is referred to as the hI-Package Chemistry Model. It is summarized in the
"Waste Form Degradation Process Model Report" (TDR-WIS-MD-000001 Rev. 00 ICN 01),
and is described in detail in the "Summary of In-Package Chemistry for Waste Forms" AMR
(ANL-EBS-MD-000050 REV 00).
Importance of Near-FieldChemistry KTIAs
KTIAs related to in-drift chemistry are highly relevant to the long-term performance of the EBS,
and hence to repository safety. This is because the lifetimes of the drip shield and waste package
will depend on the in-drift physical and chemical environment. Once a waste package is
breached, the transport of radionuclides released from the waste form will also depend on the
physical and chemical environment in the emplacement drifts.
KTIAs related to in-package chemistry are also highly relevant to repository performance and
safety. This is because output from the In-Package Chemistry Model provides key inputs to other
models supporting TSPA. These include models for: 1) degradation of the cladding, 2)
degradation of the waste-form matrix, 3) dissolved concentrations of radioelements released
from the waste forms, and 4) stability of colloids.
Comments on Near-FieldChemistry KTIAs
All the in-drift chemistry KTIAs are currently scheduled for initial review by NRC during FY02.
Several of the in-package chemistry KTIAs have apparently been substantially or completely
resolved using: 1) multiple-barrier analysis, 2) responses to specific questions and requests from
NRC, and 3) scoping calculations/sensitivity analyses.
DOE appears to have a sensible plan in place for dealing with any remaining near-field
chemistry issues. The plan is outlined in DOE's initial response to KTIAs #031/#042, which
calls for periodic evaluations of the need for additional in-package chemistry modeling support.
The evaluations will determine which parts of the model are amenable to additional support by
laboratory/field testing, and which parts are more amenable to sensitivity analyses, or the use of
natural/archaeological analogues. Based on these results, longer range testing will be considered,
in which case plans will be prepared and made available to NRC for review and comment.
Although KTIAs #03 1/#042 call for these plans to be prepared by FY01 (if necessary), DOE's
basic approach for dealing with in-package chemistry issues can easily be implemented at any

" Waste forms include uranium dioxide fuel within Zircaloy cladding, and DOE spent nuclear fuels (graphite, MOX,
UOX, U metal, Th oxides and HLW glass and ceramics). Waste-package internals include canisters, baskets and
heat conductors. These structures consist of vanous metals and alloys including Al alloy, stainless steels (Type 316L
and 304L, with and without neutron absorbers such as B or Gd phosphate), A516 low-carbon steel and Alloy 22.
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time during the performance confirmation period. Clearly, this basic approach can also be readily
adapted for use in resolving in-drift chemistry KTIAs.
A considerable period of time may be needed to address some of the KTIAs noted above, and
others that may arise in the future. In part, this is because DOE's near-field models 19 are highly
simplified representations of extremely complex reactive-transport processes occurring in
exceptionally heterogeneous open systems. As such, the models may neglect certain basic
processes (e.g., radiolysis) and parameters (e.g., trace-element and fluoride concentrations in
drift solutions), and/or oversimplify others (e.g., temporal/spatial variations in reactive surface
areas controlling dissolution rates of the waste form and waste package components). Moreover,
descriptions of many of the KTIAs are extremely vague (as exemplified by such statements as
"improve the technical basis of..."), which suggests that a rather open-ended

experimental/modeling program may be needed to fully resolve them.
Laboratory/field tests under site-specific conditions will be required to address many of the near
field chemistry KTIAs. Such testing is probably the only viable approach for dealing with most
of the in-drift chemistry issues. This is because these issues require consideration of highly
concentrated aqueous solutions resulting from evaporation or dissolution of highly soluble salts,
which cannot be modeled in even a bounding manner using existing geochemical modeling
software and thermodynamic databases. Such laboratory/field tests will also certainly be called
for in plans to demonstrate in-package chemistry and for "complete validation" of the In
Package Chemistry Model. Several KTIAs also raise questions concerning specific aspects of
DOE's models that might require experimental calibration/verification. Such aspects include the
technical basis underpinning: 1) radiolysis and its effect on the dissolution rates of the waste
form and waste-package components, 2) the effects of localized corrosion (possibly induced by
CI) on the failure rate of waste packages, and 3) the nature and paragenesis of
corrosion/alteration products of waste-package components and the waste form.
In summary, there are many basic scientific issues related to processes that are expected to
control the spatial and temporal evolution of near-field chemistry. Resolution of these issues,
especially on a site-specific basis, is likely to require extended laboratory/field testing, scoping
calculations, sensitivity/uncertainty analyses and evidence from analogues. Based on the results
of such testing and analyses, both the data and conceptual basis supporting DOE's near-field
conceptual and numerical models are certain to be continuously updated. Given the inherent
complexity of the near-field hydrochemical system, such updating may be required up to the
time of final repository closure.
Recommendations
Resolution of the near-field chemistry KTIAs should not be linked to completion prior to license
application. Such requirement is clearly unrealistic because the near field is extremely complex,
and considerable time will therefore be needed to develop a robust scientific basis underpinning
predictions of in-drift and in-package chemistry. This time is currently provided for during the
period set aside for performance confirmation (including licensing, construction/operation and
" Including the primarily conceptual/scoping EBS Physical and Chemical Environment Model and In-Drift
Precipitates/Salts Model, as well as the numerical In-Package Chemistry Model.
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monitoring activities), and DOE has in place a viable approach for dealing with near-field
chemistry issues during this period (subject to periodic review and revision in consultation with
NRC). Resolution of all such issues before license application is thus both unrealistic and
unnecessary.
There is one possible exception to this general recommendation, however. DOE will address
KTIAs #033/#044 by expanding the technical basis for models used for chloride-induced
localized corrosion and SCC. This will be discussed in revisions of the Clad Degradation
Summary Abstraction AMR (ANL-WIS-MD-000007), which is due by the time of license
application. The In-Package Chemistry Model will presumably support this effort by providing
predictions of in-package Cr concentrations. However, the broader question of whether these
KTIAs can in fact be resolved before license application would seem to depend primarily on
whether an adequate understanding of Cl induced corrosion and SCC can be developed in a
timely manner.
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6
A STEP-WISE APPROACH TO REPOSITORY
DEVELOPMENT AND LICENSING

6.1 Introduction
As was shown in the previous chapter, EPRI finds that only a subset of the 293 existing KTI
Agreements will be pertinent to the Yucca Mountain construction authorization licensing process
in the sense that they satisfy two criteria: (1) they may provide additional information that could
significantly alter the current understanding of the behavior of the Yucca Mountain system; and
(2) they could significantly impact current risk estimates. Completion of those KTI Agreements
that do not meet these two criteria is unnecessary and would result in a waste of both NRC and
DOE resources that could be better spent on other aspects of the project. DOE should be
required to make a case in its construction LA why those KTI Agreements it deems to be of low
risk significance need not be completed.2° As DOE is already required to make a case that it has
provided sufficient information to support the docketing of the License Application and as the
applicable regulations support the concept of a multi-stage licensing process where ample
opportunity exists for issues to be addressed at some time later in the licensing process, DOE
should be allowed the freedom to make the safety case it chooses at the time of initial LA filing
and to have the opportunity to defend that decision by demonstrating that certain issues have no
significant impact on risk estimates.
EPRI agrees that the KTI Agreements that both significantly enhance understanding of the
Yucca Mountain system AND will have a significant potential impact on current risk estimates
(i.e., are "pertinent" to the overall licensing process) should be completed at some time during
repository development. But this does not mean these "pertinent" KTI Agreements all have to be
completed prior to the construction LA. Although some argue that all regulatory issues must be
addressed and totally resolved to the satisfaction of the NRC staff either prior to submission of
the LA or at the latest, prior to granting of a Construction Authorization, it is EPRI's position
that to pursue resolution of all "pertinent" issues at this time is, in some cases, premature, and
will not serve to optimize the protection afforded the health and safety of the public. The
following sections present the argument that resolution of some "pertinent" Key Technical
Issues and other issues that may arise during the course of the licensing review, are most
appropriately resolved at later stages during the course of a step-wise licensing process. This
approach is consistent with the wording of 10 CFR Part 63 and similar to that employed for

SDOE has already provided to NRC a preliminary assessment of the relative importance of the KTI Agreements in
BSC [2002].
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commercial nuclear facilities under 10 CFR Part 50, in which pertinent issues are addressed and
resolved at a time when the issues could actually potentially impact public health and safety."
While the licensing of a geologic repository at Yucca Mountain is a first-of-a-kind endeavor, the
licensing process itself is not unique. Significant experience with the licensing of commercial
nuclear power and fuel cycle facilities in the United States has provided a sound foundation for
the implementation of repository licensing. Risk-informed approaches have assured that focus is
placed on those aspects of the facility that are most important to safety. These risk-informed
principles, applied and refined in recent years to facilities licensed under 10 CFR Part 50,
Domestic Licensing of Productionand Utilization Facilities,have been explicitly embodied in
10 CFR Part 63, Disposalof High-level Radioactive Wastes in a GeologicRepository at Yucca
Mountain, Nevada.
This licensing experience, risk-informed principles, and the specific regulatory tools of 10 CFR
Part 63 support a stepwise approach to repository licensing wherein information is provided by
the prospective licensee and evaluated by the regulator in a discrete series of steps as the design
and development of the facility progresses. In the risk-informed context, where repository
development will proceed over several decades if not centuries, this approach should assure that
focus is appropriately placed on not just if, but when an issue is risk-significant. At each step,
incrementally greater confidence will be achieved in information provided regarding the
projected end state of the repository, and decisions will be informed by the extent to which
activities authorized at that step are reversible or irreversible.
Unfortunately, both the NRC and the DOE are approaching the presently on-going pre-License
Application review as a continuation of a process that was very effective in supporting the
national site selection decision and as part of the actual license application review process rather
than awaiting the actual submission of the License Application before undertaking the required
review. This ongoing approach, directed at the early resolution of all technical issues, regardless
of their time-dependent risk significance or reversibility, is not consistent with the required step
wise licensing approach. To be effective, adjustments should be made to the on-going licensing
process. These adjustments can be readily implemented without introducing additional delays in
to the program, and will result in better assurance of public health and safety protection and most
effective utilization of resources both during the near term and for the life of the repository.
6.1.1 Regulatory Precedentfor Repository Licensing
Thirty years of commercial nuclear experience at over 100 power reactors and other facilities
under NRC regulations resulted in an excellent record of public health and safety protection.
Over these years NRC has continuously improved the licensing and regulatory processes that
provide a high assurance of safety. The lessons learned from this regulatory experience can be
directly applied to the licensing of a repository. 10 CFR Part 63 is an appropriately risk
informed standard that has the potential to provide an effective process for assuring adequate
protection of public health and safety from the potential hazards of nuclear waste disposal over
long time periods. A risk-informed approach to repository licensing will result in both the best
"21
The remainder of Section 6.1 has been largely adapted from a draft position paper on step-wise repository
licensing being prepared by the Nuclear Energy Institute.
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protection of public health and safety and the most efficient repository program. This approach
will assure that resources will be effectively utilized in areas that are most important to safety.
These goals can only be accomplished if the process is carried out in a way that allows NRC to
fully consider the latest scientific information at the time each major regulatory decision is made
and does not divert regulatory attention to issues that are less relevant to these decisions. A risk
informed approach to repository licensing, which addresses the issues that are most important to
public health and safety at the time at that they are most important, will assure that the most
complete information possible is presented at these hearings at each step of the process.
6.1.2 Risk-Informed Stepwise Licensing Process
10 CFR Part 63 calls for major licensing decisions to be made at three distinct points
construction authorization, license to receive and possess, and closure of the repository. These
decisions all follow the submittal of a license application to NRC by DOE. Both agencies are
already interacting significantly in preparation for the review of the forthcoming initial
construction license application. These interactions are, in effect, a separate step in the overall
licensing process for the repository.
In defining how the agencies should proceed through these steps to best fulfill their mission of
assuring the protection of public health and safety, it is important to consider the time frames
over which these steps will occur and specifically what must be addressed at each point in time.
It is here that the principles of risk-informed regulation, embraced by the NRC in commercial
licensing processes, become particularly useful. A fundamental tenet of risk-informed regulation
is that regulatory attention is focused on those aspects of the licensed activity that are most risk
significant. In the case of a repository, which will be developed and loaded over several decades
and then closed perhaps decades after completion of loading, there is a strong time-dependent
aspect associated with the determination of "risk significance" within the regulatory process. In
other words, both the prospective licensee (DOE) and the regulator (NRC) must focus not only
on what is significant to risk, but when does it become significant.
6.1.3 The Commercial Nuclear(10 CFR PART 50) Analogue
To more closely examine how this time-dependent component of risk should be factored into the
repository licensing process, it is instructive to consider the specific activities that must take
place at each step of the licensing process and how these activities are informed by existing
commercial nuclear experience. In many respects, the currently anticipated three-part licensing
process for the repository is comparable to the two-part licensing process applied to existing
commercial facilities (as defined in 10 CFR Part 50). For facilities licensed under 10 CFR Part
50, the initial Construction Permit (CP) technical review focused on site suitability issues, and
the general design concepts of the plant related to safe operation including potential radiation
doses to the public during normal and accident conditions. This information was included in the
Preliminary Safety Analysis Report (PSAR). This is based on a regulatory philosophy requiring
only review and approval of those aspects of the project that were needed to proceed to the next
phase of the licensing process rather than an attempt to resolve all matters at a single point in
time. In keeping with this philosophy, the Construction Permit review focused on the
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establishment of appropriate criteria and methodologies for the design of plant Systems,
Structures, and Components (SSCs), with the recognition that the Operating License (OL) review
would focus on a demonstration that the previously approved criteria and methodologies had
been used in an appropriate manner and that the SSCs were, in fact, designed and constructed in
a manner consistent with what was previously approved.
Consistent with that philosophy, review of the completed design details and operational aspects
of the plant, including establishment of the technical specifications and additional license
conditions, were left to the OL phase of the review process. In addition, the OL phase review
addressed the results of any R&D programs that had been conducted in the interim and other
issues that may have arisen during construction. All of this information was included in the
Final Safety Analysis Report (FSAR).
In recent years there has been movement in the U.S. commercial sector away from the two-step
(10 CFR Part 50) approach toward a single step licensing process (as prescribed by 10 CFR Part
52 - Early Site Pennits;StandardDesign Certifications;and CommercialLicenses for Nuclear
Power Plants). That movement has been driven by experience with the design and operation of
nuclear plants for many decades, and the development of design certification reviews by the
NRC staff of standardized nuclear plants. Given the above, a move toward a single-step
licensing process for commercial facilities is warranted.
However, in the case of a repository, not only is there a lack of a similar level of experience and
knowledge, there is also ample time, 50 to 300 years, and opportunity to add to the available
knowledge prior to the period at which time such knowledge and information is required to
permit a conclusive determination of the long-term safety of repository "operations" is made.
This was approach was explicitly recognized by NRC in 10 CFR Part 63 as follows:
[P]art 63 provides for a multi-staged licensing process that affords the Commission the
flexibility to make decisions in a logical time sequence that accounts for DOE collecting
and analyzing additional information over the construction and operational phases of the
repository. The multistaged approach comprises four major decisions by the
Commission: (1) [clonstruction authorization; (2) license to receive and emplace waste;
(3) license amendment for permanent closure; and (4) termination of license. The time
required to complete the stages of this process (e.g., 50 years for operations and 50 years
for monitoring) is extensive and will allow for generation of additional information.
Clearly, the knowledge available at the time of construction authorization will be less
than at the subsequent stages. However, at each stage, DOE must provide sufficient
information to support that stage.
[Federal Register, 64, 27 August (1999), pg. 55,739]
Application of the 10 CFR Part 50 philosophy to the repository situation provides a number of
valuable insights regarding the three distinct phases of the repository regulatory review required
by 10 CFR Part 63. As was the case with 10 CFR Part 50 licensing, the nature and completeness
of information for the repository will be different at each step. At every step of the process, the
agencies must proceed with some degree of confidence in what the projected end state of the
repository will be and with knowledge of whether activities authorized at each step are reversible
or irreversible. The level of confidence in such information will grow with each step in the
licensing process. This gradation is discussed in the following paragraphs.
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During the initial "Design and Licensing" or "Construction Authorization" phase, it is
appropriate to establish the design criteria for the facility that reflects the totality of the facility
operation without necessarily resolving all associated issues, determine the design and
construction methods to be used, and make a preliminary determination of the ability of the
facility to operate in a manner that is protective of the health and safety of the public. The fact
that not all issues will be resolved at this point is explicitly recognized in 10 CFR 63.21 (a)
which states: "The application must be as complete as possible in light of information that is
reasonably available at the time of docketing." It is certainly reasonable that considerable
information to address issues regarding long-term repository performance will become available
over the many decades of repository development that will follow the docketing of the initial
license application.
Prior to the Receipt and Possess/Emplacement phase, it is necessary to determine whether the
SSCs have been constructed in a manner consistent with the previously approved criteria and
methodologies specified in the application, establish the technical specifications for the receipt
and possess/emplacement phase, address any unanticipated conditions or technological advances,
and review any considerations that are specifically applicable to the Receipt and
Possess/Emplacement phase. The review that will be conducted at this point in the process will
be based on an updated Safety Analysis Report, analogous to the FSAR submitted for
commercial licenses, which will be developed and submitted by the DOE at an appropriate time
prior to the need for such a license.
At this point, there also must be some agreement between DOE and NRC on a path forward to
obtain information that will be needed at later stages that is based on a mutual understanding of
the intended end state of the repository as well as whether or not authorized activities are
reversible or irreversible in future steps. Again this is exactly as described in the repository
regulation where, at this point, 10 CFR 63.41 adds requirements for a finding that the
construction of the repository be completed and activities to be conducted at the repository will
be "in conformity with the application as amended." The words "as amended" supports the
concept that new information will be gained and applied, possibly resulting in changes to
repository design, throughout the construction period.
Throughout this period, the level of knowledge regarding the various subjects of interest will
continue to build allowing the NRC staff to develop an ever-increasing level of confidence that
the concepts and theories put forth and accepted during the early stages of the licensing process
based on somewhat limited information are, in fact, evolving in the anticipated manner. As the
applicant will be required to submit periodic reports to the NRC detailing project progress,
including advances in scientific and technological investigations, throughout the construction
and operating phases, the NRC will maintain an awareness of any new information and re-visit,
if necessary, earlier decisions. If changes in the license are required, the NRC staff can introduce
such changes through a variety of mechanisms including the imposition of License Conditions.
Such an approach is consistent with that taken by the NRC in the licensing of new containment
concepts and/or core designs where only limited detailed information regarding the proposed
concept was available at the time of the Construction Permit review but licensees were permitted
to proceed based on a commitment to perform further detailed investigations and test programs
during the period between issuance of the CP and submission of the FSAR.
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It is only when the project approaches the third "Final Closure" phase and undergoes the final
review that issues such as the lifetime of the waste canisters, the ability of the environment
around the mountain to retain any released radioactivity, and the plans for long term
safeguarding become pertinent to the protection of public health and safety and the confidence in
the information would have to be at its highest. Again, the regulation anticipates that
considerable new information will be gained over the long emplacement period. This is why 10
CFR 63.51 requires DOE's application to amend the license for permanent closure to include "an
update of the assessment of the performance of the geologic repository" which, in turn "must
include any performance confirmation data collected." Prior to this time, resolution of these
issues has little risk significance other than to demonstrate perhaps that the waste package can
survive the waste emplacement and monitoring (or pre-closure) period since the receipt and
possess/emplacement activities are reversible. Considerable progress towards issue resolution
will be made in several steps leading up to this point as original assumptions either become
confirmed or adjustments are made considering more advanced scientific information.
6.1.4 Applying the CommercialNuclearAnalogue
Step-wise licensing is not a new concept. NRC had the benefit of considerable experience under
10 CFR Part 50 in developing the 10 CFR Part 63 regulation. This experience should be equally
as instructive in the licensing of this repository as it was in its development of the regulation that
will govern that licensing process. A discussion of the existing precedent and how it should be
applied to inform the repository licensing process follows.
The nuclear licensing process for commercial nuclear facilities in the United States, as governed
by 10 CFR Part 50, has traditionally been a multi-stage activity.
10 CFR 50.23 states that:
"A construction permit for the construction of a production or utilization facility will be
issued prior to the issuance of a [Class 103] license if the application is otherwise
acceptable and will be converted upon due completion of the facility and Commission
action into a license as provided in paragraph 50.56 of this part. ... "

10 CFR 50.56 states that: "Upon completion of the construction ... of a facility, in compliance
with the terms and conditions of the Construction Permit, the Commission will ... issue a
license."
In addition, 50.57 (6)(b) states that: "Each operating license will include appropriate provisions
with respect to any uncompleted items of construction ... "

10 CFR 50.34, in prescribing the contents of an application for a Construction Permit (CP),
recognizes the difference between the requirements for a Construction Permit with its PSAR and
an Operating License with an FSAR in that: a) all the information regarding a proposed facility
cannot possibly be available at the time that permission is requested to begin construction; and b)
that there is a significant period of time between the issuance of a CP and the OL within which
an applicant/licensee can ensure that the requisite information is developed.
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In fact, 10 CFR 50.34 in Sections (3), (4) and (8) specifically recognize the availability of only
"preliminary" information at the time of an application for a Construction Permit as follows:
"Each application for a Construction Permit shall include a preliminary safety analysis
report. The minimum information to be included shall consist of the following (among
other things): ...
(3) the preliminary [emphasis added] design of the facility;

(4) a preliminary [emphasis added] analysis and evaluation of the design and
performance of structures systems and components; and ...
(8) An identification of those structures, systems and components of the facility, if any,
which require research and development to confirm the adequacy of their design; and
identification and description of the research and development programs which will be
conducted to resolve any safety questions associated with such systems, structures and
components."
This last referenced provision alone (paragraph 8) clearly establishes the expectation and
acceptability on the part of the NRC that research and development programs may proceed
follo,"in the receipt of a CP. This is analogous to the requirement for a performance
confirmation program in Part 63. Nowhere in the requirements for a CP for a commercial
nuclear facility is there an indication that final information must be available at the time of
application for a CP. However, it is recognized by the applicant and the NRC that the open
technical issues should be ultimately resolvable so as to be found acceptable to the NRC.
The recognition on the part of the NRC that all information will not be available at the time of
application for a CP and that research and development activities can continue following the
issuance of a CP is also recognized in Regulatory Guide 1.70, Revision 3, that establishes the
requirements for the format and content of a Safety Analysis Report.
The acceptability of "preliminary" information and the recognition that not all technical and
scientific issues need be resolved at the time of issuance of a Construction Permit is, in part,
based on the realization that a significant period of time, often 3-6 years or more would exist
between the time that construction is authorized and the time that the facility begins to "operate."
Section 10 CFR 50.35, applying the same basic logic that would later be reflected in 10 CFR Part
63 (see quotation reproduced on page 5 of this paper from Federal Register, 64, 27 August
(1999), pg. 55,739) clearly establishes that a CP for a commercial facility may be issued even
when ...

"...an applicant has not supplied initially all of the technical information required to
complete the application and support the issuance of a Construction Permit which
approves all proposed design features, the Commission may issue a construction permit if
the Commission finds that (1) the applicant has described the proposed design of the
facility ... and has identified the major features or components incorporated therein for
the protection of the health and safety of the public; (2) such further technical or design
information as may be required to complete the safety analysis and which can reasonably
be left for later consideration, will be supplied in the final safety analysis report; (3)
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safety features or components, if any, which require research and development have been
described by the applicant and the applicant has identified and there will be conducted a
research and development program reasonably designed to resolve any safety questions
associated with such features or components; and (4) on the basis of the foregoing, there
is reasonable assurance that such safety questions will be satisfactorily resolved at or
before the latest date stated in the application for completion of construction of the
proposed facility...."
That the concept that continued gathering of information during the extended construction and
"receipt and possess" phases is not only desirable but an integral part of the licensing process is
further supported by the requirement in 10 CFR 63.131, that an extensive "Performance
Confirmation" be designed and implemented during both the construction and the receipt and
possess phases. This program is intended to heighten confidence that the information and
parameters used during the licensing review were "within the limits assumed in the licensing
review" and that the natural and engineered systems and components are functioning "as
intended and anticipated." Reports on the findings of the Performance Confirmation program
will be made to the NRC on a bi-annual basis and the licensing review will continue to consider
the results (and make appropriate adjustments, if needed) throughout the course of these phases.
This requirement, in and of itself, demonstrates the NRC's recognition that there is ample
opportunity to supplement the information available at the time of initial licensing and that
certainty, to the extent practical in the licensing process, is only needed at the completion of such
activities - the time of the licensing review associated with permanent closure at which point the
actions become irreversible.
The acceptability of a less than "final" Safety Analysis Report at the time of initial license
application for a geologic repository and/or a need to resolve all issues at that time is also
reinforced by the words of 10 CFR Part 63.21, "Content ofApplication. " Paragraph (a) of this
section provides that the application should "be as complete as possible in the light of the
information that is reasonably available at the time of docketing."
In assessing what should or should not be reasonably available at any given point in time, it is
important to consider both how the information in question will be affected by new
developments over time and what later opportunities exist to evaluate such developments. The
opportunity to address issues at latter stages of the process is explicitly recognized by the
requirements within 10 CFR 63.24, "'UpdatingofApplication and EnvironmentalImpact
Statements" which indicates the expectation that the "DOE shall update its application in a
timely manner" to permit the NRC staff to review, among other things:
"(b) additional geologic, geophysical, geochemical, hydrologic, meteorologic, materials,
design, and other data collected during construction; and
(3) results of research programs...."
Given that there is a recognition in 10 CFR Part 63, that such information needs to be gathered
and supplied to the NRC some time after the issuance of the CA, it is not necessary that such
information be available, or that associated issues be resolved, prior to the issuance of the CA, let
alone prior to the submission of the initial license application. However, there needs to be
recognition of resolvability on the part of the applicant and the NRC. Furthermore, attempts to
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introduce the expectation of final information on any given issue ai too early a stage in the
licensing process may only hinder the ability of the licensing process to assure the long-term
protection of public health and safety by restricting the ability of NRC to fully consider the latest
and most advanced scientific information at the time major regulatory decisions are made.
6.1.5 "Operational"Distinction Between Licensing Steps
The timing of "when" regulatory issues need to be resolved has been complicated somewhat by
confusion over how the term "operation phase" applies to commercial nuclear facilities and a
geologic repository. For a commercial nuclear facility, the term "operation" is clearly
understood and implies the period during which the nuclear reaction within the nuclear reactor is
initiated and the resulting heat is transferred to cooling systems. As such an event raises the
level of risk to the public health and safety, prior to achieving this stage, those SSCs required to
protect against any possible loss of radioactive material and to mitigate the consequences of any
such loss must be operational prior to initiation of "operation" and all technical and scientific
issues regarding these SSCs must be resolved to the satisfaction of the NRC staff by that time.
In the case of a repository there are actually two separate and distinctly different periods of
"operation." The first period, that should more appropriately be known as the "receipt and
possess/emplace" or "pre-closure" period, begins at the point in time when receipt and
possession of nuclear material at the site is permitted. The second or "post-closure" period
begins at the point in time when the repository is permanently closed. Complete resolution of
post-closure issues prior to the commencement of waste emplacement operations, when ample
opportunity exists over a period of 50 to 300 years to further investigate these issues, is neither
reasonable nor required by 10 CFR Part 63. It is only when a license amendment is submitted to
permanently close the repository that issues associated with that period, which includes the
issues that have drawn the major focus of attention during the site approval process, such as the
design and life expectancy of engineered barriers and the evolution of the environment over
thousands of years, should be subject to intensive and final regulatory scrutiny.
During the pre-closure period, the focus should be on completing those activities and SSC's that
support the safe receipt, temporary storage, preparation and placement of the radioactive material
into the repository. During this period, there is no long-term risk to the public health and safety
as operations are reversible and steps can be taken to revise any decisions that have been made.
As most of the activities (and the associated SSCs) during this period are based on on-going
similar operations (and SSCs) at nuclear power plants, there is significant experience with these
processes and the licensee should only be required to demonstrate to NRC that such activities
can be performed in a safe manner over the pre-closure period.
6.1.6 Specific Tools to Facilitatethe Transition Between Steps
Ample licensing guidance also exists to allow the process participants to fully capitalize on the
significant opportunity for open issues to be addressed and questions to be answered by scientific
investigation and testing conducted over the several decades, if not centuries, before a decision to
close is made. The draft Yucca Mountain Review Plan (YMRP) contains two provisions that are
extremely important in this regard. The YMRP provision for a Research and Development
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Program to Resolve Safety Questions (Section 4.3) provides an excellent tool for addressing
uncertainties stemming from issues upon which NRC and DOE have not yet reached closure.
The YMRP provision for a PerfonnanceCorfinnationProgram (Section 4.4) can provide an
equally powerful tool for assuring that closure on issues is reinforced, as the inevitable remaining
uncertainties are better understood through new information becoming available.
6.1.7 Repository Licensing so Far- Practiceversus Principle
While commercial nuclear precedent and NRC's repository licensing rule (10 CFR Part 63) both
call for DOE and NRC to follow a risk-informed, stepwise approach to repository licensing,
current practice finds both agencies clearly not following such an approach. The agencies appear
to be driving towards closure on technical issues regarding long-term repository performance
even before the initial license application is filed, without any focus being placed on when, in the
2
life cycle of the repository, these issues become risk-significant.1
Of the 10 major categories of
KTI issues:
"* Container Life and Source Term
"* Evolution of the Near Field Environment
"* Igneous Activity
"* Repository Design and Thermal Mechanical Effects
"* Radionuclide Transport
"* Structural Deformation and Seismicity
"* Thermal Effects on Flow
"* Total System Performance Assessment and Integration
"* Unsaturated and Saturated Zone Flow Under Isothermal Conditions
"* Preclosure Safety
at least 7 only become pertinent during the permanent closure period. Yet, they continue to be
the focus of much of the on-going discussions between the DOE and NRC during the pre
License Application phase.
Following this approach has two significant drawbacks:
*

It risks closing off avenues of inquiry that would better take advantage of future scientific
23
and technical advances to assure the protection of public health and safety

As discussed elsewhere, it also appears that many of the KTI Agreements are of little to no risk signficance, so
should not have to be completed at any time. While DOE has made arguments to this effect [BSC, 2002], as of this
writing NRC has still not accepted these risk-informed arguments.
22

23

It should be noted that this concern applies uniquely to the licensing process and is one aspect of this process that

is distinctly different from the site suitability process. In the suitability process, it was appropriate to focus

resources primarily on long term scientific questions since the goal of that process was to select a site for permanent
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It requires the diversion of significant project resources from more pressing pre-closure
repository safety issues (i.e. focusing on things that are the least risk-significant at the present
time at the expense of those that are most risk significant in the near term)
It is instructive to consider the reasons why the current approach has departed from a more
prudent course.
The first point of departure comes from the imposition of time limits on NRC's review by the
NWPA. Part 50.34 and the other regulations pertinent to an application for the requisite license
for a commercial nuclear facility contain no time constraints for the period of time between
docketing of a license application by NRC and issuance of the CP. This is one area in which the
licensing process called for by the NWPA differs from traditional NRC practice. The NWPA
established a time limit for NRC review of the repository license application. Section 114 (d) of
the NWPA requires that:
"The Commission shall consider an application for a construction authorization for all or
part of a repository in accordance with the laws applicable to such applications, except
that the Commission shall issue afinaldecision approving or disapprovingthe issuance
of a construction authorizationnot later than the expiration of three years after the date
of the submission of such applicationexcept that the Commission may extend such
deadline by not more than 12 months if, not less than 30 days before such deadline, the
Commission complies with the reportingrequirementsin subsection (e)(2)" (emphasis
added)

The second factor affecting the scope of NRC's review at an early stage in the project is the
requirement in the NWPA (Section 114 (a) (1) (E)) that the NRC perform a preliminary review
prior to any Site Recommendation decision and provide:
"preliminary comments ... concerning the extent to which the at-depth site
characterization analysis and the waste form proposal for such site seem to be sufficient
[emphasis added] for inclusion in any application to be submitted by the Secretary for
licensing of such site as a repository;"

As a result, the NRC staff performed a detailed review of the project information that was
available during the Site Recommendation phase. This review, which culminated in a letter from
the Chairman of the NRC to the Undersecretary of Energy in November, 2001, supported the
Secretary of Energy's decision to go forward with a site recommendation at that time, based on
NRC's "preliminary" view that DOE had obtained or had agreed to obtain sufficient information
for a license application. NRC's rationale for reaching this conclusion was based on progress
made to that point in resolving an itemized list of the previously identified Key Technical Issues.
Since this letter, both agencies have proceeded as if final resolution of all KTIAs, including those
related to post-closure repository performance must be resolved prior to the submittal of the
initial license application.

disposal. However, in proceeding forward with the licensing of the selected site, resources must now be refocused
to address near-term safety issues first. There will be ample opportunity to further build upon the existing long
term scientific analysis as the safety of the repository's operation is being assured and demonstrated.

6-11

A Step-Wise Approach to Repository Development and Licensing

The existence of regulatory review time limit and the unique provision for a "sufficiency review"
in the NWPA has created a unique situation regarding the licensing process that is being
followed by the Yucca Mountain Project. The combination of pressure to get a head start on the
three year review clock (which does not start until the license application is docketed) and a
desire to complete all items identified in the sufficiency review has resulted in an improper
emphasis on early closure of items and an under emphasis on identifying when in the process
these issues become risk significant.
The drive to resolve all KTIs and other issues prior to the submission of a license application for
the construction of a geologic repository at Yucca Mountain has proven to be counterproductive.
To date, in spite of extensive interactions between DOE and NRC on the mostly post closure
KTIs, the majority of these issues remain open. Meanwhile, there have been only limited
interactions on the more near-term risk significant pre-closure topics (such as repository surface
facility design). A more constructive approach would be to pursue resolution of those issues that
are needed to demonstrate the preliminary suitability of the site in a manner similar to that
deemed appropriate for a Construction Permit for a commercial nuclear facility, and to define a
path for the resolution of other issues for those portions of the overall licensing process in which
approval is required to support activities that would occur in the following phase. Given the
extended period of time before final closure of the repository will occur, the reversibility of the
activities, and the ample opportunity for gaining additional information through further scientific
investigations and a robust performance confirmation program, any attempt to resolve all
outstanding technical and scientific issues, especially those associated with potential long-term
performance of the repository, at or even before the Construction Authorization licensing period,
is premature and unnecessary to protect the health and safety of the public.
Many of the KTIs that have been identified by the NRC as requiring resolution prior to initial
License Application involve concepts and activities that will not come into play until some time
after permanent closure, which itself comes more than 50 and possibly hundreds of years from
initial License Application. In these instances, the differential in time available to resolve
repository-related issues versus commercial facility issues is significant - measuring in decades
rather than in years. These longer-term issues do not require resolution in advance of initial
license application, or any other early step of the process so long as both the applicant and the
NRC agree that these longer-term KTIs are, in fact, resolvable (and some path towards eventual
resolution is defined).
It would be much more appropriate to spend the time in on-going licensing interactions clearly
defining what information is and will be needed by what point in the licensing process to enable
the NRC staff and their consultants to make reasoned decisions regarding the possible approval
of applications for specific licenses received from the DOE. As such applications will be
associated with specific actions and activities, only that information required to support the
issues in contention should be sought by the NRC at the time of each filing. Table 6-1 below,
provides and example of the level and nature of information pertinent at each stage of the
licensing process and the areas where regulatory attention should be focused.
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6.1.8 Conclusion
The regulatory process associated with the potential licensing of a geologic repository at Yucca
Mountain has ample regulatory precedent. The federal agencies charged with the important
missions of executing and regulating the disposal of used nuclear fuel and other high level
radioactive waste come to these tasks well prepared. Yet, thus far, the Yucca Mountain licensing
process does not appear to be proceeding in a manner consistent with what is indicated by this
experience.
Owing to some unique regulatory requirements originally established by the NWPA, significant
effort has gone into identifying the key technical issues (KTIs) that are anticipated to have the
most significant impact on the licensing process. However, with the decision having been made
to proceed with the development of a License Application for a repository, there is no regulatory
requirement that these issues be resolved either prior to the submittal of the License Application
or during the initial regulatory review of that application. Yet, that is the manner in which both
the NRC and the DOE are proceeding. Achievement of such an objective may not only prove
impossible but could also have significant detrimental effects on the timely completion of other
key project activities and could adversely impact the eventual protection of the public health and
safety. Rather than attempting to resolve all KTIs at this early phase of the project irregardless of
when such resolution is required, regulatory attention at this point in the process should be
focused on ensuring that only that information which is required to support the initial phases of
project activities is provided and that an appropriate path forward for the other phases of the
regulatory review is defined.
In order to correct this problem DOE and NRC must now articulate a well-defined path forward.
This path should begin the licensing process where it was intended to be begun - with the sound
basis for risk-informed stepwise regulation provided in 10 CFR Part 63 using the stepwise
precedent established by commercial experience under 10 CFR Part 50. The agencies should
communicate expectations for what will be accomplished at each step and place their focus in the
early steps on matters that are most important in the coming decades - those things affecting the
safe receipt and emplacement of waste in Yucca Mountain (what is now described as pre-closure
safety). For post-closure issues, focus should be placed on defining a path forward that provides
for issues to be raised and addressed at appropriate points in the process (while providing
sufficient confidence, based on current information, that either this path will be successful or the
actions in the interim can be reversed).

6-13

A Step-Wise Approach to Repository Development and Licensing

Table 6-1
Degree of Information Required for Each SSC/Barrier at Each Licensing Step

Licensin Stages
SSC/barrier

Site

Construc-

Receive

Emplace-

Recommendation

tion
Permit

and
Possess

ment

Transportation system

I

II

Ill

Ill

N/A

Surface handling facility

I

II

Ill

Il1

N/A

Repository EBS' (except drip shield
and/or backfill SSC's)

I

I

II

Ill

Ill

Drip shield and/or backfill
SSC's/barriers

I

I

II

II

Ill

Unsaturated zone rock affecting
repository temperatures, rock
stability, and other environmental
conditions during loading prior to
closure

I

I

II

Ill

Ill

UZ affecting repository
environmental conditions and
radionuclide transport after closure

I

I

I

II

III

Saturated Zone properties

I

I

I

II

III

Closure

'EBS (Engineered Barrier System): emplacement tunnels and surrounding rock; tunnel supports; invert; waste
container and internals; waste characteristics; waste transfer equipment
Description of information levels (examples only, not intended to be complete):
I:

Preliminary information only.
Examples of preliminary information:
sketches rather than complete drawings;
barrier information as provided in SR documentation

II:

Reasonably complete information and confidence to permit initial startup activities for this stage.
Examples:
Complete drawing details;
Partial safety and/or performance analyses of final design

III:

Complete information to support full reliance on the SSC/barrier for safety/performance.
Examples:
As-built drawings with all details;
Complete safety and/or performance analyses of as-built design

The current approach, which is largely a follow-on to the Key Technical Issue Agreement
resolution process begun before the site was recommended, does not provide an effective starting
point for the licensing process. The interchange between agencies that was conducted prior to
the site recommendation, and is ongoing today, provided considerable useful information for
licensing, but it is not sufficient as a workable approach for the licensing process. Fortunately,
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the transition between approaches need not be a difficult one. Enough is known about both the
repository and the licensing process to indicate that a course correction at this point should bring
the repository program closer to its intended goal of safe and permanent disposal. This course
change should not be seen as a reason for further delay. Proceeding in a manner more consistent
with sound licensing practice and experience will enhance both the ability of the process to
assure public health and safety protection and the timeliness of its progress.

6.2 Recommended Times to Complete the "Important" KTI Agreements
In Section 5.3, classes of KTI Agreements were identified that have the potential for providing
information that may be "important" to estimates of 10,000-year dose risk. "Important" was
arbitrarily defined as having the ability to change 10,000-year dose risks by approximately one
millirem per year. The list of potentially "important" classes of KTI Agreements are repeated
here:
"Important" KTI Agreement classes:
Disruptive events:
"* Volcanic disruption scenarios;
"* Potentially, unusually strong seismicity.
Common mode EBS failtres:
"* Unexpectedly corrosive local environmental conditions;
"* Potential for higher repository temperatures than currently estimated.
Potentially "important" KTIAgreement Class (i.e., of lesser importance than those above):
*

Colloid-aided transport.

Based on the concept illustrated in Table 6-1, and the above list, the "important" KTI
Agreements should be completed at roughly the following times during the licensing process:
6.2.1 "Important"KTI Agreements to be Completed by the Time of Construction
License
EPRI has made no safety evaluation of pre-closure risks, so cannot comment on the relative
importance of the pre-closure KTI Agreements. However, pre-closure KTI Agreements that are
of significance to public and worker safety risk estimates should be completed by this time. This
is because pre-closure risks to workers and the public are largely determined by the chosen
repository facility and nuclear material handling system design. The construction activities that
would commence following granting of a construction license would set into motion the factors
that cause pre-closure risk. Thus, information in "important" pre-closure KTI Agreements
should be available prior to commencement of the relevant construction activity.
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6.2.2 "Important"KTI Agreements to be Completed by the Time of License
Amendment to Receive and Possess
Common mode EBS failures:
"* Unexpectedly corrosive local environmental conditions;
"* Potential for higher repository temperatures than currently estimated.
These classes of "important" KTI Agreements should be completed at this time, because it is at
this time that DOE would begin committing resources to the manufacture of containers to store
the waste. Thus, confidence that the correct container design and welding procedures have been
chosen and demonstrated must be high at this time. Furthermore, confidence that the repository
design and natural system will prevent environmental conditions leading to high container failure
should also be high.
Since drip shields are not planned to be installed until shortly before the repository is closed,
completion of important KTI Agreements related to the drip shields could be delayed until this
time.
6.2.3 "Important"KTI Agreements to be Completed by the Time of License
Amendment for Repository Closure
Disruptive events:
"* Volcanic disruption scenarios;
"* Potentially, unusually strong seismicity.
Otherpotentially important FEPs:
*

Colloid-aided transport.

The risks associated with these barriers or FEPs all occur after repository closure. Thus, the
important KTI Agreements need not be completed until this time.
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CONCLUSIONS

7.1 Overview of Main Conclusions
This report provides the most recent results from EPRI's total system performance assessment
(TSPA) of the proposed spent fuel and high-level radioactive waste repository at Yucca
Mountain. EPRI used its Integrated Multiple Assumptions and Release Code (IMARC) TSPA
model to probabilistically evaluate performance of the proposed Yucca Mountain site. The code,
now in its seventh phase, has been updated to include the effects of diffusive release from the
engineered barrier system. The IMARC computer model calculates probability-weighted mean
doses to a reasonably maximally exposed individual (RMEI). Analyses were conducted to
understand the relative importance of a set of barriers within the Yucca Mountain system that act
to limit release of radionuclides from the repository or slow their movement.
Additional IMARC and other analyses investigated the relative importance of the KTI
Agreement classes to overall risk. Finally, an approach to step-wise licensing makes best use of
available resources and the long time periods over which repository development will take place.
Arguments are made as to why some of the important KTI Agreement work should be completed
at a later stage of repository development.
EPRI is confident that the proposed Yucca Mountain system, including the present engineering
design, will provide a large degree of safety. When compared to the regulatory criteria, the
IMARC analyses indicate the criteria are met by over four orders of magnitude of margin.
Furthermore, the peak dose-which occurs well beyond 10,000 years-is still about 100 times
lower than natural background radiation levels.
The barrier analyses indicate that many independent barriers contribute to overall safety, as
measured by the ability of individual barriers to lower the estimated dose rates to an RMEI.
Several natural and engineered barriers each contribute greatly to overall dose reduction and/or
provide thousands of years or more of delay time.
Analysis of potential impacts on current risk estimates suggests that the DOE and NRC should
reconsider the need for many of the KTI Agreements. It is neither necessary nor appropriate to
complete all of the "important" KTI Agreements prior to submission of a construction license
application. Work at Yucca Mountain must remain risk-informed and performance-based. Other
work important to long-term risk-but pertaining to barriers whose functions are not required
until many decades into the future-would best be delayed in order to focus on work supporting
safety functions needed earlier.
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7.2 Main Conclusions from EPRI's TSPA Code, IMARC-7
When compared to the regulatory criteria, the IMARC analyses indicate the criteria are met by
over four orders of magnitude of margin for the "normal release" scenario. Furthermore, it is
likely that we have overestimated the peak dose from the "normal release" scenario during the
first 10,000 years by as much as two orders of magnitude by using a very conservative diffusive
release model.
The peak dose-which occurs well beyond 10,000 years-is still about 100 times lower than
natural background radiation levels. Thus, the total dose risk to the reasonably maximally
exposed individual would never exceed natural background by more than about one percent due
to the normal release scenario.
Full performance of all engineered barriers, while important, is not absolutely required. For
example, EPRI analysis suggests there are processes at work other than those related to the drip
shield or container that cause the initial peak dose risk to be delayed nearly 10,000 years.
Furthermore, even if we assumed 100% of the containers were failed at emplacement, or 100%
of the cladding was failed at emplacement, the dose risk at 10,000 years would still not exceed
15 millirem per year - even with the use of a conservative diffusion model.
Analyses presented in Chapter 3 indicated there is no single uncertainty represented in the
IMARC-7 logic tree that had a large enough range to cause this amount of shift in the dose risk
estimate. Furthermore, even the complete failure of any one barrier to function as anticipated
would not cause the 10,000-year dose risk to increase by more than one millirem per year.
Major degradation of more than one barrier function beyond the ranges currently considered in
IMARC-7 would be required to cause such an increase in 10,000-year dose risk estimates.
With a more realistic treatment of diffusion, it is likely that 100% of the containers could fail
early and still not cause an increase in dose risk of much more than one millirem per year.

7.3 Summary of Barrier Release Rate and Retention Time Analyses
Each of the nine major barriers evaluated in Chapter 4 - some of which are "natural" barriers
contributed either to limiting the amount of inventory that could be released, or delayed the
release or travel time of the released radionuclides. Often, the effects are dependent on the
radionuclide type since the solubility or sorption potential of the radionuclide affects its release
rate and mobility, respectively. The barriers are grouped by function as follows:
"* Limiting availableinventory that can be released: UZ above the repository (1.35% of
inventory will, on average experience dripping groundwater)
"* Limiting the release rate of the inventory:
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-

Waste form: 0.0002 to 0.001 per year

-

Cladding: -10 per year peak failure rate

-

Waste packages:

-

Drip shields: -10-4 per year peak failure rate

7 per

_10.

year peak failure rate

Conchlsions

-

UZ above the repository: combination of limits on solubility and groundwater
flowing past the altered waste form causes annual release rates from ~100 to near
instantaneous release depending on the radioelement and the flow rate

"Limitingradionuclidetravel time to the biosphere:

"

-

EBS components affecting diffusion time out of EBS: diffusion times of 103 to -10'
years out of the EBS (depending on a number of factors including sorption,
diffusivities, and distance to nearest flowing fracture)

-

UZ below repository: 1200 to 3000 year travel time (depending on radionuclide and
net infiltration rates)

-

SZ: 500 to >>9000 years (depending on sorption)

Dilution: Waste packages dispersed throughout the repository footprint (dilution factor up to
104)

Additional analyses were presented in Chapter 4 to provide an estimate of the ability of these
barriers to lower dose risks. Figure 4-10 shows that the natural barriers alone keep the dose rate
during the first 10,000 years almost below the regulatory limit and certainly well below natural
background levels.

7.4 Identification of "Important" KTI Agreements
Using IMARC-7, EPRI determined which classes of KTI Agreements would likely provide
information that could substantially alter current estimates of 10,000-year, dose risks
(probability-weighted mean annual doses to the reasonably maximally exposed individual). An
"important" KTI Agreement was defined as one that could provide information that may alter
10,000-year dose risk estimates by at least one millirem per year.
The list of FEPs and barriers for which the 10,000-year dose risk estimate is sensitive to the
current uncertainty ranges is relatively short. The following are likely to be risk-"important"
(i.e., could affect 10,000-year dose risk estimates by one millirem per year or more). All of them
potentially lead to "common mode failures" (degradation of more than one barrier at once):
Disruptive events:
"* Volcanic disruption scenarios;
"* Potentially, unusually strong seismicity.
Common mode EBS failtres:
"* Unexpectedly corrosive local environmental conditions;
"* Potential for higher repository temperatures than currently estimated.
The following is potentially of risk-importance, so should be considered less important than
those listed above:
* Colloid-aided transport.
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Conclusions

There are several other FEPs and barriers of even lesser importance in the sense that they only
become risk-important if more than one of them fails at a time. While this may appear like a
common mode failure listed above, these other FEPs or barriers appear less prone to common
mode failures. Hence, the probability that more than one of them would perform much worse
than currently estimated is deemed to be quite low.
Thus, the majority of KTI Agreements address issues that are not sufficiently risk-significant
such that completion of the Agreements should not be required. It would be a significant
misdirection of resources if a requirement was established or commitment made to complete
these low risk-significance KTI Agreements. Completion of even the "easy" KTI Agreements
that are of low risk-significance should not be required. It should be left to DOE to determine
whether to expend the resources necessary to complete the KTIAs and at what time completion
should be accomplished.

7.5 Recommended Times to Complete the "Important" KTI Agreements
Arguments were presented in Section 6.1 that not all of the "important" KTI Agreements need be
completed prior to submittal of a construction license application. Information related to barriers
whose function will not be called upon to protect the public until a later time (for example, after
repository closure) should not have to be completed until shortly before that time. Based on the
concept illustrated in Table 6-1, and the above list, the "important" KTI Agreements should be
completed at roughly the following times during the licensing process:
"Important" KTI Agreements to be Completed by the Time of Construction
License
EPRI has made no safety evaluation of pre-closure risks, so cannot comment on the relative
importance of the pre-closure KTI Agreements. However, pre-closure KTI Agreements that are
of significance to public and worker safety risk estimates should be completed by this time. This
is because pre-closure risks to workers and the public are largely determined by the chosen
repository facility and nuclear material handling system design. The construction activities that
would commence following granting of a construction license would set into motion the factors
that cause pre-closure risk. Thus, information in "important" pre-closure KTI Agreements
should be available prior to commencement of the relevant construction activity.
"Important" KTI Agreements to be Completed by the Time of License Amendment
to Receive and Possess
Common mode EBS failures:

"* Unexpectedly corrosive local environmental conditions;
"* Potential for higher repository temperatures than currently estimated.
These classes of "important" KTI Agreements should be completed at this time, because it is at
this time that DOE would begin committing resources to the manufacture of containers to store
the waste. Thus, confidence that the correct container design and welding procedures have been
chosen and demonstrated must be high at this time. Furthermore, confidence that the repository
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design and natural system will prevent environmental conditions leading to high container failure
should also be high.
Since drip shields are not planned to be installed until shortly before the repository is closed,
completion of important KTI Agreements related to the drip shields could be delayed until this
time.
"Important" KTI Agreements to be Completed by the Time of License Amendment
for Repository Closure
Disruptive events:
"* Volcanic disruption scenarios;
"* Potentially, unusually strong seismicity.
Otherpotentially importantFEPs:
*

Colloid-aided transport.

The risks associated with these barriers or FEPs all occur after repository closure. Thus, the
important KTI Agreements need not be completed until this time.
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