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As in the 100,000-year time span, the jaggedness
of the instantaneous package-failure history
explains the jagged appearance of the graphs for
technetium-99 waste package releases and
biosphere dose rates-for the same identical
reason, namely, that technetium-99 is a "release-
rate-limited" radionuclide. That is, the radionu-
clide has such a high solubility that its release is
limited by the rate at which packages fail, not the
rate at which water moves it out of the packages.
The instantaneous package failure history shown in
Figure 4-21 is a histogram of package failures,
with the interval size being equal to the time step
size of 1,000 years. Because this time step is larger
than for the 100,000-year simulation, some of the
peaks on the histogram are larger than the
100,000-year package-failure histogram in
Figure 4-16. Instead of 10 packages being the
maximum in any interval, there are up to 30 or
more in an interval.

Another feature of the waste package failure
history is the failure of the no-drip packages
beginning at about 730,000 years. This is the
group of packages discussed earlier that are never
dripped on; about 55 percent of the total packages
in the repository. Because they are never dripped
on, their corrosion rate is much lower than for
dripped-on packages and, therefore, they do not
begin to fail until a very long time after
emplacement. Even when they do fail, there is no
flowing water to sweep out the inventory, so the
only release mechanism is diffusive transport. This
effect is shown on the technetium-99 diffusive
release curve and slightly evident on the
neptunium-237 release curve; however, the effect
of these no-drip packages is barely discernible on
the dose rate curve in the biosphere.

As with the 100,000-year time histories discussed
in Section 4.2.2, neptunium-237 releases are
different from technetium-99 releases because of
neptunium-237's low solubility, at least for the first
200,000 years. However, after 200,000 years
neptunium-237 actually switches from being a
solubility-limited radionuclide to being a release-
rate limited radionuclide-limited by the cladding
failure rate. A number of the plots on Figure 4-21
explain this effect. First, after about 200,000 years
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Figure 4-25. Plots of Cumulative Inventory
Released from Different Boundaries of the Repos-
itory System Along with the Inventory Decay Curve
over a Period of 1 Million Years
(EBS-engineered barrier system; UZ-unsat-
urated zone; SZ-saturated zone)
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the seepage flux through the packages is very
high-high enough to sweep out all of the released
neptunium-237, even though it has a very low
solubility in the flowing water. Second, the
commercial spent nuclear fuel cumulative
package-failure curve flattens out at about 200,000
years, showing that very few additional
commercial spent nuclear fuel packages fail for the
remainder of the 1 million years. However, the
combined commercial spent nuclear fuel
cumulative package-cladding failure curve (the
integrated or "convolved" product of package
failures with cladding failures) continues to
increase after 200,000 years, indicating that more
inventory is being exposed. However, the rate at
which this cumulative package-cladding failure
curve increases is declining with time after
200,000 years. This effect is evident on the instan-
taneous "commercial spent nuclear fuel inventory
exposure rate" curve, which represents the rate at
which inventory is exposed to transport as a
function of time (where the inventory is repre-
sented as a fraction of the entire repository

inventory).41 This inventory exposure curve
exactly mirrors the shape of the neptunium-237
advective release curve between 200,000 years and
I million years, and also the shape of the
neptunium-237 dose rate curve. This implies that
neptunium-237 is no longer solubility limited after
about 200,000 years, but is "cladding release rate"
limited. In other words, the release rate or
exposure rate of neptunium-237 by failing cladding
is slow enough and the seepage flux is high enough
that the low solubility of neptunium-237 no longer
limits its release from the waste package. This
effect is also shown on the diffusive release curve
for neptunium-237, which looks very much like the
technetium-99 diffusive release curve after
200,000 years. In particular, during the dry climate
states, the diffusion releases of both neptunium-

237 and technetium-99 attain the same rate as the
long-term average advective release rate. This is
because the concentrations of both radionuclides
build up during the dry climate (i.e., neither were
solubility limited during the long-term average
climate, so both of their concentrations in the waste
packages build up during the dry climate, causing
an increased diffusive flux). On the neptunium-
237 release plot, this behavior is evident in the dry
climate states after 200,000 years. However, in the
two dry climate states before 200,000 years,
neptunium-237 is solubility limited and its
diffusive release curve shows no abrupt changes
when the dry climate is established. Also, before
200,000 years, the neptunium-237 release curve
shows a sharper rise and peak than the commercial
spent nuclear fuel inventory exposure curve
because the neptunium-237 release follows the
package-failure cumulative distribution function
up until that point. The technetium-99 release rate
curves also follow the commercial spent nuclear
fuel inventory exposure curve at all times, as is
expected for a radionuclide that is not solubility
limited.42

Figure 4-22 shows the relative contributions to
engineered barrier system releases from the three
main inventory types over the 1 million-year time
frame. Following are the important points about
these plots:

DOE spent nuclear fuel is the second highest
contributor to neptunium-237 and
technetium-99 releases during the first
200,000 years. Commercial spent nuclear
fuel is the highest contributor. After that
time, the DOE spent nuclear fuel inventory
begins to run out because very few DOE
spent nuclear fuel packages fail after

41 This inventory exposure rate curve is the derivative of the cumulative package-cladding failure curve normalized to
(i.e., divided by) the total number of commercial spent nuclear fuel packages.

42 An unusual feature of the neptunium-237 diffusive release curve is the series of gaps that appear in the curve each
time the climate switches from dry to long-term average, and also when the climate switches from long-term average
to the second superpluvial at about 730,000 years. The gaps are caused by the negative diffusion rate at these points,
which cannot be plotted on a log scale. Apparently, when an abrupt change to a wetter climate occurs, neptunium-
237 is rapidly flushed from the waste package, causing near zero concentration in the waste package and allowing
"backwards" diffusion from the invert into the package. Although not shown in this document, the comparable
advective and diffusive releases from the engineered barrier system do not exhibit these negative diffusion rates.
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200,000 years. (Individual package failure is
readily discernible on the plot.)

High-level radioactive waste never
contributes very much to neptunium-237 and
technetium-99 releases compared to
commercial spent nuclear fuel.

For performance over the 1-million-year period,
the unsaturated zone is of very little consequence,
so no figures are shown for it. On the other hand,
the saturated zone is important because of dilution,
which proves to be the second most important
uncertainty (see Section 4.3).43 Figure 4-23 shows
how dilution in the saturated zone affects concen-
tration, specifically neptunium-237, and how the
biosphere dose conversion factors for the various
radionuclides are used to convert saturated zone
concentrations to dose rates.

4.2.4 Cumulative Activity Releases from the
Repository and the Engineered Barrier
System

Another way of examining repository performance
is by looking at cumulative activity release
(Curies) versus time at the edge of the engineered
barrier system compared to the cumulative activity
release in the saturated zone at 20 km (12 miles).
First, this method is another means of comparing
natural system performance with engineered
system performance. Second, the method illus-
trates the large fraction of the total radioactivity
that is actually retained in the repository system at
various times. The expected differences in the
engineered barrier system and saturated zone
cumulative release curves are because of retar-
dation (sorption) and decay. If radionuclides did
not decay, eventually the engineered barrier system
and saturated zone cumulative curves would
become equal. Figure 4-24 shows cumulative
fractional activity releases of technetium-99,
neptunium-237, plutonium-239, and plutonium-
242 at these two spatial locations for the time
frames of 10,000 years, 100,000 years, and

1 million years. Cumulative fractional release for
any radionuclide at a given spatial location and a
given time is defined as the cumulative activity that
has traveled past that spatial location divided by
the initial inventory emplaced for that radionu-
clide. In the 10,000-year time frame, nearly all the
technetium-99 radioactivity is retained in the
repository-less than 0.001 percent has been
released from either the engineered barrier system

or the saturated zone.44 After 100,000 years, less
than 0.2 percent of the technetium-99 has been
released from the repository system (saturated zone
at 20 km, or 12 miles) and less than 0.02 percent of
the neptunium-237 has been released. The amount
of plutonium-239 released beyond 20 km (12
miles) in the saturated zone does not appear on this
graph but is slightly less than I x 10-9 percent. At
1 million years, about 1 percent of the technetium-
99, 2 percent of the neptunium-237, and 0.4
percent of the plutonium-242 activities have
reached the 20-km (12-mile) boundary. Much of
the 99 percent of the technetium-99 that is never
released is a result of radioactive decay throughout
the repository system.

Figure 4-25 is another way to show cumulative
inventory released. It plots the absolute, rather
than the fractional inventory, released (i.e., the
release curves are not scaled to the initial
inventory). Also, it shows total inventory released
rather than individual radionuclides. Total releases
from three system boundaries are shown: edge of
the engineered barrier system, base of the unsat-
urated zone, and 20 km (12 miles) downgradient in
the saturated zone. By way of comparison the total
inventory decay curve is also shown. This curve is
the activity versus time for all the emplaced
inventory if it were never mobilized by water or
gas, that is, if it were always isolated. Figure 4-25
demonstrates that by 10,000 years the inventory
that has escaped from the engineered barrier
system is less than 0.0001 percent of the total
isolated inventory. In other words, 99.9999 percent
of the inventory remains in the engineered barrier
system up until 10,000 years after closure.

43 The neptunium-237 biosphere dose conversion factor is the third most important uncertainty in the 1 million-year
time frame.

44 The percent of neptunium-237, plutonium-239, and plutonium-242 released is negligible.
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At 100,000 years the plots indicate that 0.1 percent
of the inventory has escaped the engineered barrier
system and 99.9 percent remains isolated in the
drifts. At 1 million years about one-half of the
inventory has escaped the engineered barrier
system, but 99.9 percent remains contained in the
entire repository system-within the natural and
engineered barriers, that is, it has not passed

beyond the 20-km (12-mile) "boundary." 45

4.2.5 Summary

The purpose of Section 4.2 has been to demon-
strate the influence of the various subsystem and
component processes on the overall system perfor-
mance. The illustrative realization used for this
purpose is the "expected-value" realization, that is,
the realization that chooses the expected value of
all input parameters. The behavior of this
realization cannot necessarily be considered to
represent the overall mean behavior of the repos-
itory, as determined by multiple realization simula-
tions, because of the nonlinear behavior of the
models and processes. However, as will be seen in
Section 4.3, this expected-value realization does lie
near the central tendency of the overall probability
distribution-generally somewhere between the
median and the mean.

Based on the analysis in Section 4.2, nonsorbing
radionuclides, such as technetium-99, dominate
peak dose rates at "early" times, perhaps up to
50,000 years after repository closure. After that,
the weakly sorbing neptunium-237 controls peak
dose rates, with some additional contribution from
plutonium-242.

During the first 10,000 years after repository
closure, the key factors controlling repository
behavior are the failure of the single juvenile (or

early) failed package and the few (about 17)
corrosion-failed packages, and the climate change
at 5,000 years. The main factor affecting releases
from the waste packages is the seepage of water
into the waste packages, which is controlled by the
corroded pit and patch area. During this time
frame the seepage flux into the corrosion-failure
packages is low enough that technetium-99
releases become solubility-limited in those
packages. During this 10,000-year span after
closure, travel time in the unsaturated zone and
saturated zone during the dry climate state is also
long enough to enhance performance.

During the first 100,000 years after repository
closure, the major factors controlling performance
are the instantaneous waste package failure rate
(controls technetium-99 releases), the cumulative
waste package and cladding failures (controls
neptunium-237 releases), the fraction of packages
encountering seeps, and the seepage rate into the
packages. The seepage rate is important because
neptunium release is solubility limited, so the
absolute amount of neptunium-237 escaping any
package is linearly proportional to the seepage
flowing through the package.

During the first 1 million years after repository
closure, the major factors controlling performance
are the combined cumulative package and cladding
failures, and the superpluvial climate change. The
latter causes the peak in the total and neptunium
dose-rate curves at about 300,000 years.

Dilution in the saturated zone is important at all
time frames, but because of conservative assump-
tions about its magnitude, it does not play as large
a role as in previous TSPAs (for example, see
CRWMS M&O 1995). Also, sorption in the unsat-
urated and saturated zones is important for all of

45 The curve in Figure 4-25 that is labeled "release from EBS" represents a total over the 39 major radionuclides
modeled (see Chapter 6 of the Total System Performance Assessment-Viability Assessment (TSPA-VA) Analyses
Technical Basis Document [CRWMS M&O 1998i]). The curve labeled "release from UZ" represents the total over
the nine radionuclides discussed in this document. However, as shown in Chapter 6 of Total System Performance
Assessment- Viability Assessment (TSPA-VA) Analyses Technical Basis Document (CRWMS M&O 1998i) the total
releases from the 39 radionuclides at the base of the unsaturated zone are essentially identical to the releases from the
nine radionuclides. The curve labeled "release from SZ" is also the release from the 9 radionuclides and would be
expected to be identical to the 39 radionuclides.
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the strongly sorbing radionuclides, such as
plutonium, and provides a very long delay (up to
hundreds of thousands of years) in transport to the
20-km (12-mile) boundary.

Commercial spent nuclear fuel dominates
technetium and neptunium releases, but DOE spent
nuclear fuel releases are not insignificant and
comprise about 25 percent of the total.

4.3 PROBABILISTIC RESULTS OF THE
BASE CASE

For the TSPA-VA, a probabilistic approach is used
for assessing the long-term performance of the
Yucca Mountain repository. This approach uses a
linked system of deterministic models to represent
the repository and its associated geologic system,
and a Monte Carlo technique to propagate
parameter uncertainty through to the calculation of
peak radiation dose rates at the specified location
20 km (12 miles) from the repository. A full
analysis includes the following:

1. Selecting imprecisely known model input
parameters to be sampled

2. Constructing probability distribution
functions for each of these parameters,
incorporating available data and subjective
information to capture uncertainty

3. Generating a sample set by selecting a
parameter value from each distribution

4. Calculating outcomes for the sample set

Steps 3 and 4 are repeated many times to produce a
distribution of peak dose rates that represents the
spectrum of repository performance. The distri-
bution of peak dose rates is normally presented as a
CCDF that gives the probability of exceeding a
given peak dose rate. The range or spread of peak
dose rates represents the amount of uncertainty in
the results. In addition to quantifying uncertainty
in the results of the performance assessment,
another important component of the probabilistic
approach used in the TSPA is the sensitivity
analysis. Sensitivity analysis is used to identify the

relative importance of uncertain input parameters
to the calculated uncertainty in repository perfor-
mance. This information is useful for selecting and
assigning priorities to future modeling, site charac-
terization, and design activities so that uncertainty
in estimates of long-term performance may be
decreased.

This section summarizes the probabilistic results
obtained from the base case Monte Carlo simula-
tions. Results are presented in Sections 4.3.1 and.
4.3.2. Section 4.3.1 focuses on the calculated peak
dose rates to a human located 20 km (12 miles)
from the repository. Dose rates are presented in the
form of CCDFs for three periods: 10,000 years,
100,000 years, and 1 million years. Factors are
also discussed that cause uncertainty in the calcu-
lated peak dose rates. Auxiliary results are
provided about which radionuclides contribute
most to dose and the range in times at which peak
dose rates occur. In Section 4.3.2, the contribu-
tions of individual parameters to uncertainty in
peak dose rates are discussed. Uncertain param-
eters that are most important to subsystems, such
as radionuclide releases from the engineered
barrier system or from the unsaturated zone, can
also be analyzed, and one example is briefly
discussed. For more information on the methods
used for probabilistic analysis, see Section 11.3 of
the Total System Performance Assessment-Viability
Assessment (TSPA-VA) Analyses Technical Basis
Document (CRWMS M&O 1998i).

4.3.1 Uncertainty Analysis

In this section, uncertainty results of the Monte
Carlo simulations are reported for three periods:
10,000 years, 100,000 years, and 1 million years.
The following is a brief description of how the
probabilistic results are obtained.

The TSPA results can be symbolically represented
by a simple function of the form

Dose Rate =f (xl, x2 , ...- X, I , 52 *-- Snu t),

where dose rate represents the dose rate to a human
at the 20-km boundary as a function of time t.
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The variables xl, x2, ..., xnc are precisely known
input parameters such as the acceleration of gravity
and the density of water, and nc is the number of
such inputs. Variables s1, S2, ..., snu are imprecisely

known or uncertain parameters such as corrosion
rate and waste form dissolution rate, and nu is the
number of such parameters. In the TSPA-VA base
case, nc = 1,006 and nu = 177. Note that the 1,006
certain parameters and 177 uncertain parameters
include only those that are used within RIP; many
additional parameters are used in the various
component models such as TOUGH2 and
WAPDEG A description of the uncertain param-
eters is provided in Chapter 11, Appendix A of
CRWMS M&O 1998i. The imprecisely known
inputs are the parameters that cause uncertainty in
the performance assessment results.

The uncertainty in parameters s, s2, *--, Snu is

characterized by a sequence of probability distribu-
tions

DI, D2, ... ,Dnu,

where Dj is the probability distribution for variable
zj. In some cases, the definitions of these distribu-
tions atre also accompanied by specifications of
correlations that further define the relations
between the si. For the TSPA-VA base case, the

seepage parameters for different repository subre-
gions are correlated, seepage and net infiltration
for different climate states are correlated, and
biosphere dose-conversion factors for different
radionuclides are correlated (see Sections 3.1.2.2,
3.1.2.4, and 3.8.2).

Once distributions Dj are specified, the next step is
to determine the uncertainty in the performance
assessment results that arises from uncertainty in
sI, s2, .. snu. First, a sample

Sk = [SkI, Sk2 .-... ,sk,nu], k = 1, ... ,nu,

is generated from the specified distributions D1,

D2, ..., Dnu, where nk is the size of the sample, or

number of realizations. In the TSPA-VA, this
sample is generated using Latin Hypercube
sampling and the sample size is nk = 100 for most

simulations (see Section 4.3.1.2). A performance
assessment calculation is then conducted for each
sample Sk, with all precisely known input param-
eters xl, x2 , ..., xnc held fixed at their known values.

The performance assessment calculations yield a
series of curves that show how the dose rate
changes with time. These curves are referred to as
dose-rate time histories and can be represented
symbolically as

(Dose Rate)k =f (xI, x2 , *--, Xncskl, Sk2. Sk,nu, t),

k = 1,2, ..., 100,

where each (Dose Rate)k, k = 1,2, ..., 100, is the

result of a complete calculation of all the linked
TSPA components.

Once the dose-rate history for each realization is
obtained, the peak dose rate that occurred during
the simulation period for each realization is deter-
mined by taking the highest point on each dose-rate
history curve. Once a peak dose rate is obtained
for each realization, the next step is to graphically
represent the results in the form of a CCDF, which
shows the probability that a dose rate is greater
than a given value and is constructed by first
ordering the peak dose rates from smallest to
largest values, with a probability of l/nk = 1/100
assigned to each peak dose rate. The probability
that a dose rate is greater than a specified dose rate
is determined by summing the probabilities
associated with all dose rates larger than the
specified one. Representative dose-rate time
histories for the 100,000-year simulation period are
presented next, along with distributions of peak
dose rates for the 10,000-, 100,000-, and 1-million-
year simulation periods.

4.3.1.1 Uncertainty Analysis Results

Dose-rate histories for the 100,000-year simulation
period are presented at the top of Figure 4-26. As
noted in the figure caption, 20 realizations in the
100,000-year simulation period did not produce a
dose. Also, in the 10,000-year simulation period,
27 realizations have zero dose, but in the 1-million-
year simulation all realizations produced a dose.
For illustration, four selected realizations are
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Figure 4-26. Base Case Distribution of Peak Dose
Rates for Three Periods and Their Relation to Dose-
Rate Time Histories
Twenty dose-rate histories do not appear on the top
plot because they have no computed dose for the
first 100,000 years.

highlighted; they will be discussed in more detail
later in this section. Figure 4-26 shows that the
majority of dose rates tend to rise quickly between
3,000 and 10,000 years. A few realizations begin
to produce doses in the 20,000- to 30,000-year time
interval, with one realization not having any dose
until after 90,000 years. In general, four types of
behavior through time are shown:

After the initial steep rise, many of the
realizations show a steady increase in dose
rate with time that continues throughout the
simulation period. This type of behavior
reflects significant numbers of waste
package failures over time because of
corrosion in combination with relatively
large fraction of waste packages contacted
by seeps.

* Other realizations reach their peak early and
their dose rate gradually decreases with time
over the simulation period. This type of
behavior reflects the impact of juvenile
waste package failures, a lower number of
waste package failures because of corrosion,
and a lower fraction of waste packages
contacted by seeps.

* In some realizations, the dose rate remains
relatively flat with time after the initial rise.
This behavior is caused by juvenile failures
in combination with a small number of
corrosion-induced waste package failures
that are spread over the simulation period.

* In some realizations, dose rate tends to alter-
nately increase and decrease throughout the
simulation period. This behavior is
primarily caused by a combination of low
seepage fraction and discrete waste package
failures well separated in time, with a waste
package failure roughly coinciding with each
dose-rate peak on the history curve.

The distributions of peak dose rates to an
individual located at 20 km (12 miles) from the
repository are presented at the bottom of
Figure 4-26 for the 10,000-, 100,000-, and
1 million-year simulation periods. Peak dose rate is
defined as the maximum dose rate that occurs for a
given curve during the entire simulation period.
This definition is illustrated by indicating the
maxima of the four selected realizations and
showing where they fall on the 100,000-year
CCDF. All realizations are weighted equally, so the
lowest probability shown on the curves is 1/100.
The median and mean peak-dose-rate values are
also shown for each simulation period. The figure
shows that peak dose rates continue to increase as
time increases. However, the 100,000-year curve
shows about a factor of 100 increase in dose rates
over the 10,000-year curve, whereas the 1-million-
year curve shows only a factor of five to ten
increase in dose rates over the 100,000-year curve.
The time histories for the 10,000-year and
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1-million-year periods are shown for reference in
Figure 4-27.

Time histories of some statistical measures of the
peak-dose-rate distribution are shown in
Figure 4-28. To generate these plots, the statistical
measures were calculated from the 100 dose-rate
values at each time step in the analyses. For
example, the average of the 100 dose rates was
calculated and plotted as the "mean" curve and the
fifth lowest dose rate among the 100 realizations
was determined and plotted as the "5th percentile"
curve. Note that in the 10,000- and 100,000-year
simulation periods the 5th-percentile dose rate is
zero and therefore is not plotted. The mean dose
rate in all three periods is much higher than the
median value, indicating that the mean values tend
to be dominated by a few low-probability high
dose rates.
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Figure 4-29 presents the average radionuclide
contribution to the peak dose rate. Average contri-
butions are determined by calculating the relative
individual radionuclide contributions to the peak
dose rate for each realization and averaging the

800000 10 relative contributions across all realizations. In the
10,000-year simulation period (see the top of

FV3043-2 Figure 4-29), contributions to peak dose rate are
*s for 10,000- dominated by technetium-99 and iodine-129, with

a small contribution from carbon-14. In addition,
ot appear on 27 percent of the realizations have zero calculated

Figure 4-27. Dose-Rate Time Historie
and 1-Million-Year Periods
Twenty-seven dose-rate histories do n
the top plot because they have no co
for the first 10,000 years.

mputed dose
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dose. In the 100,000-year period (see the middle
chart), contributions to peak dose rate are
dominated by technetium-99, neptunium-237, and
iodine-129, with 20 percent of the realizations
having zero dose. Two percent of the realizations
are dominated by plutonium-239. Over 1 million
years (see the bottom chart), most peak dose rates
are dominated by neptunium-237, with a small
number being dominated by iodine- 129,
plutonium-239, or plutonium-242 (plutonium-239
and plutonium-242 are lumped together in the
chart); technetium-99 makes a small contribution
to the peak dose rate but is never dominant in any
realization.

Tc-99
38%

100,000-Year Period

Pu-239 Other
2% 1%

1-129 Zero dc
16% 7\\j 20%

In general, technetium-99 and iodine- 129 are
significant contributors to dose because of the
following characteristics:

)se * Large inventories

* Long half-lives (although technetium-99
starts to decay significantly after 100,000
years)

Tc-99
31%

Np-237
30%

* Highly soluble

* Unretarded during transport

1 000,000-Year Period

1-125
9%

Tc-99
2% i

Pu Other
2%3:111o

I

Carbon-14 has a large inventory, is highly soluble,
and is unretarded during transport, but its half-life
is so short (5,700 years) that it is a significant
contributor only for the 10,000-year period.
Neptunium-237 has a large inventory and long
half-life; however, it is released more slowly from
the waste and travels more slowly because of retar-
dation by adsorption. As a consequence,
neptunium-237 is not a significant contributor to
dose until after 10,000 years. Plutonium (repre-
sented by plutonium-239 and plutonium-242) has a
very large inventory but normally is released very
slowly from the waste because of low solubility
and travels very slowly because of high adsorption.
These two factors can both potentially be reversed

FV3-3-4 because of colloidal mobilization and transport.

k Dose With the models and assumptions in the TSPA-VA
ods base case, plutonium is very mobile in colloidal

many form a small percent of the time. Plutonium-239
has the greater inventory, but it has a half-life of

Np-237
79%

Figure 4-29. Average Contribution to Peal
Rate of Different Radionuclides for Three Peri
Note that for the earlier two time periods
realizations have no computed dose.
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only 24,000 years so it is only important for the
first 100,000 years or so.

The timing of the peak dose rates varies for each of
the three simulation periods. Figure 4-30 presents
scatter plots of the peak dose rate and the time at
which peak dose rate occurs for each simulation
period. In the plots, each symbol represents a
single realization. The scatter plot of 10,000-year
peak-dose times (see the top of Figure 4-30) shows
that doses do not occur before 3,000 years and that
peak dose rates are spread relatively uniformly
throughout the remaining 7,000 years. Realiza-
tions having later peak times tend to have more
waste packages in contact with seeps and therefore
more corrosion failures. Juvenile waste package
failures may lead to early releases, whereas later
releases and doses are generally controlled by
waste package failures that occur because of
corrosion. Later-peak-dose realizations also tend
to have lower net infiltration and, therefore, longer
unsaturated zone travel times. Thirty-one realiza-
tions reach an apparent peak dose rate at 10,000
years, as indicated by the numerous symbols along
the vertical line at 10,000 years; these realizations
have not reached a true peak and will continue to
increase if the simulation time is extended.

As shown in the middle plot of Figure 4-30, the
peak-dose times in the 100,000-year period are
clustered in two areas, with few points in between.
Before 30,000 years, 16 percent of the realizations
have their peak dose rate, and 56 percent of the
realizations have their peak after 70,000 years, plus
20 percent have zero dose for the whole period.
Many of the early peak dose rates, and especially
those before 10,000 years, have only juvenile
waste package failures and no corrosion failures
for the first 100,000 years. The peak dose rates
before 10,000 years are all very low, less than
0.1 mrem/year. For the 100,000-year period, peak-
dose times are influenced by the number of
packages in contact with seepage water and by
waste package corrosion rate. Peak-dose times
again tend to increase as both the number of
packages in contact with seepage increases and the
number of package failures increases. The two are
closely related. However, percolation flux through
the unsaturated zone and the resulting effect on
travel time have less of an influence on peak-dose
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Figure 4-30. Peak Dose Rate Versus Time of Peak
Dose Rate for Three Periods
Pink dots at the bottom indicate realizations with
zero dose (which are off the scale of the log plot).
The colored circles refer to the selected realizations
highlighted in Figures 4-26 and 4-27.
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time in this longer simulation period. Again,
several realizations reach an apparent peak dose
rate at 100,000 years, indicating that these realiza-
tions have not reached an actual peak during the
100,000-year simulation period.

The clustering of peak dose rates in particular time
periods is even more pronounced in the 1-million-
year simulation, as shown in the bottom plot of
Figure 4-30, with 39 percent of the peaks occurring
prior to 400,000 years and 57 percent occurring
after 700,000 years. This behavior is mainly
because of the climate model, with most of the
peak dose rates associated with superpluvial
climates. The figure shows two distinct clusters of
points: one cluster at about 330,000 years and the
other cluster at about 780,000 years. These times
correspond to the two superpluvial climates, with
the scatter in peak-dose time largely because of the
scatter in the sampled time of the superpluvial
climates.

The effect of climate changes can be seen clearly in
the 1-million-year dose-rate history curves
(Figure 4-27, bottom), in the regularly spaced
spikes on the curves. These spikes are caused by
the climate changes that occur roughly every
100,000 years. The most extreme climate changes
occur at the superpluvials, which happen at
approximately 300,000 years and 700,000 years.
The spikes at those times are larger than the other
climate-change spikes, leading to the predomi-
nance of those times in the peak-time scatter plot
(Figure 4-30, bottom). The climate history for one
of the realizations is shown in Figure 4-3 1, to show
that the spikes in the dose-rate curves line up with
the times of climate changes. However, the climate
changes are at slightly different times in different
realizations.

As for the 10,000-year and 100,000-year periods,
waste package corrosion rate and seepage fraction
influence peak-dose times, but here the
relationship is reversed, with higher corrosion rates
and more seepage tending to produce earlier peak
dose rates. This difference can be explained as
follows. Waste package failures and dose rates are
still increasing at 100,000 years in most realiza-
tions; realizations with higher waste package

30 ''310 Superpluvial I

3.0 - . . . I . . . I . . . I . . . I . . .

-5 2.0 L- Tr, vr
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'a 1.0 D5ry (Present-Day)
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Figure 4-31. Climate History for One Realization
The others look similar. Most of the peak dose rates
occur at one of the two superpluvial climates.

failure rates, influenced both by nickel-base
Alloy 22 corrosion rate and the fraction of waste
packages contacted by seeps, tend to have dose
rates increasing faster as well, so their 100,000-
year peak is at the end of the period. Those realiza-
tions then tend to have their 1-million-year peak
dose rates at the earlier superpluvial. However,
realizations with low corrosion-failure rates
because of low sampled Alloy 22 corrosion rate or
low seepage fraction, tend to have their 10,000-
year and 100,000-year peak dose rates early
because of juvenile waste package failures. These
realizations then achieve their 1-million-year peak
dose rates late in the period (or even after 1 million
years), after they finally have significant numbers
of corrosion-failed waste packages.

To further illustrate some of the key processes that
affect calculated dose rates and their peak times,
five realizations were selected for more detailed
discussion. The five realizations were chosen to
have a spread of peak dose rates and peak-dose
times and, therefore, a variety of different
behaviors. The selected realizations are indicated
with different colors in Figure 4-30, and their time
histories are highlighted with the same colors in
Figures 4-26 and 4-27.

Additional information is given in Figure 4-32,
which shows the number of failed waste packages
over time for the selected realizations. In
Figure 4-32, the pink and blue realizations have
one juvenile waste package failure, the cyan
realization has two juvenile failures, and the red
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are strongly reflected in the relative dose rates in
Figure 4-26. The blue realization has a low dose
rate throughout the entire 100,000-year period, the
pink realization is higher, and the red and cyan
realizations are higher yet. However, the number
of waste package failures is not the only deter-
minant of dose, because the red realization has the
highest dose rate even though the cyan realization
has more waste package failures. The primary
reason that the red realization has such a high peak
dose rate even though it does not have the greatest
number of waste package failures is that it is one of
the realizations with highly mobile plutonium
colloids; 97 percent of its peak dose rate is from
plutonium-239. The significant falloff in dose rate
after 100,000 years in that realization (Figure 4-27,
bottom) is because of plutonium-239 decay.
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Figure 4-32. Number of Failed Waste Packages
over Time for the Selected Realizations
The realizations were chosen to have a spread of
peak dose rates and peak dose times and, therefore,
a variety of different behaviors.

and dark green realizations have no juvenile
failures. The dark green realization has no waste
package failures for nearly 200,000 years. The
blue realization has no additional waste package
failures other than one juvenile failure for almost
700,000 years. The pink realization has a
relatively small number of additional failures, and
the red and cyan realizations have many corrosion
failures. These numbers of waste package failures

Figure 4-32 shows that many realizations have an
increase of waste package failures starting at about
700,000 years. In fact, the red and cyan realiza-
tions have a similar increase in the number of
failures but it cannot be seen on the log scale
because they already have so many waste package
failures. The explanation for this behavior is that
around 700,000 years the waste packages with no
seeps dripping on them start failing. Until that
time, only waste packages contacted by seeps have
failed. Because the waste packages failing after
700,000 years are dry, the failures are not reflected
in significantly increased dose rates in some cases
(Figure 4-27, bottom). Dry waste packages have
lower rates of release (diffusive only) than wet
ones (diffusive plus advective). The fraction of
waste packages contacted by seeps is reflected
directly in the waste package failure curves. For
example, the cyan realization has a seepage
fraction for the long-term-average climate of
95 percent, which allows almost all of the waste
packages to fail within 300,000 years. The number
of failed packages is over 10,000. The red
realization has a seepage fraction for the long-
term-average climate of about 36 percent, so only
about a third of the waste packages fail before
300,000 years in that realization. The other three
selected realizations all have seepage fraction less
than one percent for the long-term-average climate,
so less than one percent of the waste packages fail
in those realizations, until the dry ones start failing
at late times.
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4.3.1.2 Precision of the Base Case Comple-
mentary Cumulative Distribution
Functions

The number of realizations to use in a Monte Carlo
simulation is a significant issue in terms of reliable
analyses and proper allocation of resources.
Therefore, the number of runs required to reliably
predict peak dose rates was examined. To verify
whether 100 realizations are sufficient, the 10,000-
year and 100,000-year base case simulations were
repeated with 1,000 and 300 realizations, respec-
tively. The resulting distributions of peak
individual dose rates are compared with the 100-
realization base case results in Figure 4-33-the
distributions for each time period nearly overlay.
The 100-realization distributions do not go below a
probability of 0.01 because each predicted dose
rate has a probability of occurrence of 1/100, or
0.01. Similarly, the 1,000- and 300-realization
distributions display minimum probabilities of
0.001 and 0.003, respectively. In Figure 4-33, peak
dose rates do continue to increase as probability
decreases. Increased dose rates at these low proba-
bilities are caused by combinations of extreme
uncertain-parameter values that are sampled from
the tails of the parameter probability distributions.
However, 100 realizations appear to provide a
good compromise between cost and precision.

4.3.2 Sensitivity Analysis

The primary objective of sensitivity analysis is to
identify those uncertain parameters that have a
strong influence on the repository performance
measures and to quantify the strength of their
influence. The simplest tool for sensitivity
analysis is the scatter plot, which is a plot of
sampled numerical values of an uncertain variable,
or independent variable, used in the computations
versus the calculated results such as peak dose rate,
or dependent variable. If little or no relationship
exists between an independent-dependent variable
pair, their scatter plot will resemble a random
distribution of points. However, if a notable
relationship exists between them, the plotted points
will cluster and exhibit a recognizable form.

Scatter plots are valuable for identifying a
relationship between variables, but they do not
quantify the intensity of that relationship. Multiple
linear regression modeling is used to quantify
relationships between dependent and independent
variables. By using a regression model, it is
possible to identify variables that contribute most
to the calculated uncertainty in the peak dose rates.
A good discussion of multiple linear regression
modeling and other sensitivity-analysis techniques,
and their application to the performance
assessment of the Waste Isolation Pilot Plant, is
given by Helton (1993).

For the TSPA-VA, the primary technique for
regression modeling is stepwise linear regression.
In the stepwise approach, a sequence of regression
models is constructed starting with a single
selected input parameter, and including one
additional input variable at each successive step
until all significant input variables have been
included in the model. This approach avoids
having to treat all of the independent uncertain
variables simultaneously in a single model.

A measure of goodness of fit of a linear-regression
model is provided by the coefficient of multiple
determination, R2. An R2 value near 1 indicates a
good fit, meaning that the model is accounting for
most of the uncertainty in the performance measure
being analyzed. To avoid poor linear fits with
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Figure 4-33. Comparison of Peak Dose Rate Distri-
butions Determined from Simulations with Different
Numbers of Realizations
The distributions are found to be quite similar,
indicating reasonable stability with respect to
number of realizations.
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nonlinear data, regression analyses were performed
on rank-transformed data. By rank-transformed
data it is meant that the actual data values of both
outputs and inputs are replaced with their corre-
sponding ranks; that is, the smallest value for a
given variable is assigned the value of 1, and the
next largest value is assigned a value of 2, and so
on up to the largest value.

Two importance indicators are used in the TSPA-
VA sensitivity analysis, partial rank correlation
coefficient and R2-loss. Both of these indicators
are outputs from stepwise regression modeling.
The partial rank correlation coefficient for a
particular input variable measures the correlation
between the output and the selected input variable,
after the linear influences of the other variables in
regression have been eliminated (Helton 1993,
p. 352). The square of a partial rank correlation
coefficient also represents the gain in R2 of the
regression model, expressed as a fraction of the
currently unexplained uncertainty, as the selected
variable is brought into regression (RamaRao et al.
1998). Partial rank correlation coefficients are also
useful because their sign (+ or-) indicates whether
the selected input variable has a positive or
negative effect on the performance measure. The
second importance indicator used, R2 -loss, repre-
sents the loss in R2 of the current n-variable
regression model, if the variable of concern is
dropped from the regression model, creating a
model with n-1 variables, where n is the total
number of variables in the final regression model.
Therefore, a high value of R 2-loss indicates that
the removed variable is important.

Parameter rankings are based on R2-ioss values that
were computed by stepwise rank regression
analysis. All parameters with an R2-loss greater
than or equal to 0.04 are reported. Partial rank
correlation coefficients are also provided to
indicate if a parameter has a negative or positive
effect on the performance measure in question. A
negative effect on a performance measure indicates
that as the uncertain input parameter increases, the
performance measure decreases. In contrast, if an
input parameter has a positive effect, the perfor-
mance measure increases as the input parameter
increases.

4.3.2.1 Sensitivity Analysis Results

Sensitivity-analysis results are presented for
10,000-year peak dose rates at the top of
Figure 4-34. Parameters most important to uncer-
tainty in peak dose rates are depicted in bar-chart
form with the most important parameter repre-
sented by the largest bar, the next most important
variable represented by the next largest bar and so
on. The important variables are as follows:

1. Fraction of waste packages contacted by
seepage water
(R2-loss = 0.18; partial rank correlation
coefficient = 0.68)

2. Mean corrosion rate of Alloy 22
(R2-loss = 0.13; partial rank correlation
coefficient = 0.62)

3. Number of juvenile waste package failures
(R2-loss = 0.11; partial rank correlation
coefficient = 0.60)

4. Saturated zone dilution factor
(R2-loss = 0.04; partial rank correlation
coefficient = -0.42)

The regression model from which these results are
drawn has a total of ten input variables with a total
R2 of approximately 0.80. While a higher R2 would
be desirable, it is considered adequate for the
purpose of inferring the importance of the
dominant input variables.

Regression results for the 100,000-year peak dose
rates are presented next, in the middle chart of
Figure 4-34. The important variables are as
follows:

1. Fraction of waste packages contacted by
seepage water
(R2-loss = 0.29; partial rank correlation
coefficient = 0.77)

2. Mean corrosion rate of Alloy 22
(R2-loss = 0.20; partial rank correlation
coefficient = 0.70)
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Figure 4-34. Most Important Parameters from Stepwise Regression Analysis for Three Periods
These charts show the relative importance of various parameters to the calculated uncertainty in peak dose
rate for the three time periods. Importance of an individual parameter is shown by R2-loss, the reduction in
goodness of the regression fit when the parameter is left out of the calculation, as described in the text.
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3. Variability of the Alloy 22 corrosion rate
(R2-loss = 0.06; partial rank correlation
coefficient = 0.49)

The regression model for this case also has ten
variables and an R2 of 0.80.

Peak-dose-rate regression results for a 1 million-
year period are presented in the bottom chart of
Figure 4-34. The important variables are as
follows:

1. Fraction of waste packages contacted by
seepage water
(R2-loss = 0.51; partial rank correlation
coefficient = 0.86)

2. Saturated zone dilution factor
(R2-loss = 0.09; partial rank correlation
coefficient = -0.56)

3. Biosphere dose-conversion factors
(R2-loss = 0.07; partial rank correlation
coefficient = 0.51)

4. Mean corrosion rate of Alloy 22
(R2-loss = 0.04; partial rank correlation
coefficient = 0.41)

The regression model for this case has ten variables
and a final R2 of 0.82.

For peak dose rates, the fraction of waste packages
contacted by seepage water is the most important
parameter in each of the three simulation periods,
and its effect becomes more dominant over time.
The positive effect indicated for this variable by its
positive partial rank correlation coefficient
happens because an increase in the number of
waste packages contacted by water leads to an
increase in radionuclide releases from the repos-
itory. The reason for the great importance of
seepage fraction is two-fold. First, it has a direct
effect on the number of waste packages that fail, as
discussed in Section 4.3.1.1; and second, it has a
very large uncertainty (see Figure 3-13). Other
parameters either have less impact on dose rate or
less uncertainty.

The second most important variable in the 10,000-
year and 100,000-year cases is the mean corrosion
rate for Alloy 22, the inner barrier in the reference-
design waste package. The positive effect for this
parameter arises because increasing the Alloy 22
corrosion rate produces earlier waste package
failures and, therefore, more of the waste packages
fail and release radionuclides within 10,000 years
or 100,000 years. The corrosion rate for Alloy 22,
however, is less important in the 1-million-year
simulation period as indicated by its relatively low
R2-loss value in the bottom chart of Figure 4-34.
This reduced importance is because the majority of
the wet waste packages fail during the 1-million-
year period, even for low Alloy 22 corrosion rates;
failures of dry waste packages are only starting to
be a factor near the end of the million-year period
(see the discussion in Section 4.3.1.1). As a conse-
quence, waste package parameters appear to
become less important in this longer simulation
period because the quantities of radionuclides
released from the repository are primarily
controlled by the inventory, the fraction of waste
packages in contact with seepage water, and the
seepage flow rate into the waste packages.

The second most important variable in the 1-
million-year case is the saturated zone dilution
factor. This factor accounts for the reduction in
radionuclide concentrations caused by transverse
dispersion that occurs during transport through the
saturated zone. The negative effect indicated for
this variable (partial rank correlation coefficient =
-0.56) is caused by the fact that, as dilution during
transport increases, peak radionuclide concentra-
tions at the 20-km (12-mile) distance decrease and,
consequently, doses decrease.

The next most important variables in the 10,000-
year and 100,000-year simulation periods are the
number of juvenile waste package failures and
variability in the inner-barrier Alloy 22 corrosion
rate, respectively. Both of these waste package
variables have a positive effect on peak dose rates
because, as noted previously for increased Alloy
22 corrosion rates, they lead to earlier waste
package failures and, therefore, increased radionu-
clide releases from the repository during the given
time period. The third most important variable for

4-74



- - - -

Total System Performance Assessment
Volume 3

the 1-million-year simulation period is the
biosphere dose-conversion factor. Note that the
biosphere dose-conversion factors for all radionu-
clides were correlated for the TSPA base case; that
is, they are all either low or high together, rather
than allowing one radionuclide to be high while
another is low (see Section 3.8.2).

Examination of scatter plots provides an additional
way to visualize the effects of uncertain variables
on peak dose rates. Two important parameters
discussed above are fraction of waste packages
contacted by seepage water and Alloy 22 mean
corrosion rate. Scatter plots for these two param-
eters are shown in Figures 4-35 and 4-36 for the
100,000-year simulation period.

Although there is a lot of scatter in the values, a
pattern of higher dose rates for higher parameter
values is clearly discernible in both scatter plots.
As suggested by the regression-analysis results
discussed above, the relationship between fraction
of waste packages contacted by seepage water and
peak dose rate is even more well defined for the
1-million-year simulation period, as shown in
Figure 4-37. This strong relationship is reflected in
the high R2-loss value of 0.51 as compared to the
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Figure 4-36. Scatter Plot of Mean Alloy 22 Corrosion
Rate over 100,000 Years
Scatter plot of mean Alloy 22 corrosion (in terms of
percentile from the uncertainty distribution) against
peak dose rate for a 1 00,000-year period. Pink dots
at the bottom indicate realizations with zero dose
(which are off the scale of the log plot). The colored
circles refer to the selected realizations highlighted
in Figures 4-26 and 4-27.
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Figure 4-35. Scatter Plot of Seepage Fraction over
100,000 Years
Scatter plot of seepage fraction (fraction of waste
packages contacted by seeps) for the long-term-
average climate against peak dose rate for a
1 00,000-year period. Pink dots at the bottom
indicate realizations with zero dose (which are off the
scale of the log plot). The colored circles refer to the
selected realizations highlighted in Figures 4-26 and
4-27.
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Figure 4-37. Scatter Plot of Seepage Fraction over
1 Million Years
Scatter plot of seepage fraction (fraction of waste
packages contacted by seeps) for the long-term-
average climate against peak dose rate for a 1 million
year period. The colored circles refer to the selected
realizations highlighted in Figures 4-26 and 4-27.
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R2-loss value of 0.29 in the 100,000-year
simulation period.

Dose rates are actually time-dependent quantities.
As described in Section 4.3.1, a peak dose rate
represents the highest dose rate that occurred
during the simulation period for a given
realization. The sensitivity analysis results
presented thus far are for the peak dose rate only
and, therefore, do not give explicit information
about how parameter importance changes with
time, although some insight is gained about
changes with time by considering three different
periods. To examine more directly how parameter
importance changes with time, regression analyses
were performed on dose rates at selected
simulation times. The resulting values of partial
rank correlation coefficients plotted as a function
of time are presented in Figure 4-38. This figure
shows that the number of juvenile waste package
failures is the dominant variable at early times.
However, over the long term, the importance of
early releases decreases as more waste packages
fail. The fraction of waste packages contacted by
seepage water begins to increase in importance at
around 5,000 years and becomes the dominant
variable after approximately 8,000 years. The
Alloy 22 corrosion rate also begins to increase in
importance at around 5,000 years and remains
important throughout the 1-million-year time
period, with its importance decreasing somewhat

after 400,000 years. Biosphere dose-conversion
factors increase greatly in importance at late times.

The saturated zone dilution factor appears in the
time-dependent regression model with a negative
partial rank correlation coefficient because of its
role in reducing radionuclide concentrations and
dose rates. Some of the other variables also have
small negative partial rank correlation coefficients
before 5,000 years. These small negative values
are probably spurious (that is, arising simply
because of chance correlations among the
randomly sampled variables) because they corre-
spond to R2-loss values smaller than 0.005 and
because it is unlikely that these variables have a
negative effect on dose rate. Note that the values
plotted in Figure 4-38 do not correspond to the
values listed earlier because the ones in the figure
are for correlations with dose rate at particular
times, whereas the earlier ones were for correla-
tions with the peak dose rate over a period of time.
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Regression analyses have also been performed for
intermediate performance measures, including
radionuclide releases from the engineered barrier
system to the unsaturated zone and from the unsat-
urated zone to the saturated zone. These perfor-
mance measures are also time-dependent and can
be presented in the same way that the time-
dependent dose rates were presented. Analyzing
intermediate performance measures is useful for
isolating individual components of the total system
and assessing the importance of variables among
the smaller corresponding set of uncertain param-
eters. As an example, results are presented for
releases from the engineered barrier system to the
unsaturated zone in Table 4-1. Results for releases
from the unsaturated zone to the saturated zone are
similar because they are not strongly influenced by
uncertain unsaturated zone transport parameters.
The results shown are for the specific simulation
time of 1 million years. Again, the dominant
variable is the fraction of waste packages contacted
by seepage water. The second and fourth variables,
the number of cladding failures because of
corrosion and the fraction of plutonium colloids
transported with irreversible sorption, did not
appear to have a significant effect on dose rate but

103 104 105

Time (years)
FV3043-1 3

Figure 4-38. Partial Rank Correlation Coefficient as a
Function of Time for Six Uncertain Parameters
This figure illustrates another way to show the change
of importance of parameters through time from that
shown in Figure 40-34. (BDCF-biosphere dose
conversion factor)
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Table 4-1. Importance Ranking of Inputs for Engineered Barrier System Releases at 1 Million Years

. .- - - :. .X : - Partial Rank
-Rank S : Variable : - : = R2-ioss X It S ~ Correlation Coefficient

1 Fraction of waste packages contacted by 0.45 0.84
seepage water

2 Number of cladding failures because of 0.07 0.52
corrosion

3 Alloy 22 mean corrosion rate 0.06 0.51
4 Fraction of plutonium colloids transported 0.04 0.43

with irreversible sorption

Regression Model: Input variables = 11, R2 = 0.82

are important to releases from the engineered
barrier system.

4.3.2.2 Impact of Parameter Uncertainty
Ranges on Sensitivity Analyses

Sensitivity analyses based on linear regression
must be carefully interpreted. A regression-based
sensitivity analysis will not give an uncertain
variable a high importance ranking if its sample
input values do not produce a relatively wide range
of calculated output values. In other words, a
parameter will not be assigned a high importance
ranking unless it accounts for a large fraction of the
variance in the output measure being analyzed.
Therefore, the magnitude of peak dose rate may be
strongly affected by a certain parameter, but if the
range of uncertainty associated with that parameter
is relatively small, the parameter may not be found
to be important. As an example, neptunium
solubility was not found to be an important
variable in the above analysis, but because
neptunium-237 often dominates the calculated
dose rates (see Figure 4-29) neptunium solubility
clearly does significantly influence total peak dose
rate. The reason neptunium solubility did not
appear as an important variable in the regression-
based sensitivity analysis is largely due to the wide
uncertainty ranges associated with seepage fraction
and waste package corrosion.

One approach to understanding the effects of
parameters that have very wide uncertainty ranges
is to perform sensitivity analyses in steps. That is,
perform an initial regression analysis, such as the
one, presented in Section 4.3.2.1, and identify
important uncertain parameters. Then, assign
single values, such as mean or median values, to

some or all of the important uncertain parameters
identified in the first step and repeat the analysis.
By assigning single values to uncertain parameters
identified in the first step, important parameters
with less uncertainty may be identified in the
second step.

This type of phased approach to sensitivity analysis
was conducted for the TSPA-VA base case. For the
secondary sensitivity analysis, the "expected"
values (see Sections 2.3.3.3, 4.1, and 4.2) were
used for the following:

1. Infiltration and mountain-scale unsat-
urated zone flow

2. Seepage fraction (fraction of waste
packages contacted by seepage) and seep
flow rate

3. Alloy 22 mean corrosion rate and
variability

As for the base case analysis, 100 realizations were
simulated for each of three periods: 10,000 years,
100,000 years, and 1 million years. For all param-
eters other than those being held fixed, the same
sample values as for the base case were used. The
distributions of peak dose rates for an individual
located at 20 km (12 miles) from the repository are
given in Figure 4-39. Comparison with the base
case distributions in Figure 4-26 shows that the
modified-parameter case has a much narrower
spread of peak dose rates as expected, since uncer-
tainty in seepage fraction, corrosion rate, and infil-
tration are not present. Note that in the base case
many realizations had no calculated dose for the
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Figure 4-39. Distribution of Peak Dose Rates for
Three Time Periods for the Modified-Parameter
Case
Because some of the most important parameters
were held fixed in this case, the spread of peak
doses is much less than in the base case
(Figure 4-26).

first 100,000 years, but in the modified-parameter
case all realizations produced a dose within the
first 10,000 years. Note that if this process of
assigning expected values to important variables
and conducting simulations were repeated a
number of times, the distribution of peak dose rates
would continue to narrow and converge towards
the expected-value dose rate.

Regression-based sensitivity-analysis results are
presented in Figure 4-40. Parameters most
important to uncertainty in peak dose rates are
depicted in bar-chart form with the most important
parameter represented by the largest bar, the next
most important variable represented by the next
largest bar and so on. Saturated zone dilution
factor and biosphere dose-conversion factors
appeared on the base case bar chart (Figure 4-34),
but in this analysis they account for more of the
uncertainty because the most important parameters
in the base case are held constant. In addition, a
number of parameters are listed in Figure 4-40 that
were not revealed as contributing significantly to
the base case peak-dose uncertainty. The new
parameters are the solubilities of technetium (for
10,000 years) and neptunium (for 100,000 years),
the seepage collection factor (for 10,000 years and
100,000 years), the fraction of the saturated zone

transport path in alluvium (for 100,000 years and 1
million years), the fractions of Zircaloy cladding
failing because of corrosion and mechanical
stresses (for 1 million years), and the saturated
zone longitudinal dispersivity (for 1 million years).

The effects of these parameters on doses are
straightforward. An increase in solubility can lead
to faster dissolution and an increase in radionuclide
releases from the repository. The seepage
collection factor is used to adjust the amount of
seepage water that gets into waste packages and
contacts waste (see Sections 5.5.1 and 5.4.3);
higher values of this factor lead to higher releases
for solubility-limited radionuclides. The fraction
of the saturated zone transport path in alluvium
affects doses because of significantly higher radio-
nuclide sorption in alluvium relative to the
volcanic units, so that more transport through
alluvium can lead to lower doses. The two
cladding-failure parameters help determine the
amount of commercial spent nuclear fuel exposed
to water; higher values mean more waste exposed
and thus the potential for higher releases and
higher doses. (Note, however, that their effect is
time-dependent, with most of the corrosion and
mechanical cladding failures occurring after
100,000 years; see Section 3.5.2.1.) Lastly, longi-
tudinal dispersivity in the saturated zone affects
doses because higher dispersivity implies more
spreading during transport and therefore lower
concentrations and lower doses. Note that trans-
verse dispersion has much greater potential for
lowering doses than does longitudinal dispersion;
transverse dispersion is accounted for in the
analyses by means of the saturated zone dilution
factor (see Section 3.7.2).

4.3.3 Summary

The Monte Carlo method is used to propagate
parameter uncertainty through to the uncertainty in
peak dose rate to an individual. The uncertainty in
calculated peak dose rates is quantified by the
CCDF. The range or spread of peak dose rates in
each distribution represents the amount of uncer-
tainty in the results. Some statistics of the calcu-
lated peak dose rates for each base case simulation
period are summarized in Table 4-2.
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Figure 4-40. Most Important Parameters from Stepwise Regression Analysis for the Modified-Parameter
Case
These charts show the relative importance of various parameters to the calculated uncertainty in peak dose
rate when some of the most important parameters are held fixed. Importance of an individual parameter is
shown by R2-loss, the reduction in goodness of the regression fit when the parameter is left out of the calcu-
lation.
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Table 4-2. Summary of Calculated Peak Dose Rates at 20 km (12 miles)

- Simulation Period 5th Percentile Mean (mreml 50 th Percentile 95th Percentile Coefficlent of
(years) (mremlyear) - year) (mrem/year) (mrem/year): Variation

10,000 0 0.1 0.002 0.8 3.8
100,000 0 30 0.09 200 4.4
1,000,000 0.07 200 8 1,000 2.8

As shown, the peak dose rates are found to increase
substantially with increasing simulation time.
However, the coefficient of variation, or standard
deviation divided by mean, indicates that relative
uncertainty in the calculated dose rates does not
increase appreciably in the longer simulation
periods (that is, uncertainty in dose rate increases
and average dose rate increases, but their ratio does
not). Thus, uncertainty in peak dose rate does not
increase without bound with increased time.

The times at which peak dose rates occur were
examined and found to be influenced by a number
of factors, including the fraction of waste packages
contacted by seepage water, Alloy 22 corrosion
rate, net infiltration rate, juvenile waste package
failures, and seepage flux into the waste packages.
Very early dose-rate peaks are associated with
juvenile waste package failures, and late dose-rate
peaks are associated with superpluvial climates.

The sensitivity-analysis results indicate that the
uncertainty in calculated peak dose rates in all
three simulation periods is primarily dominated by
the fraction of packages in contact with seepage
water. Waste package corrosion rate is also an
important contributor to uncertainty in peak dose
rates. In particular, the mean Alloy 22 corrosion
rate is an important contributor to uncertainty, but
to a lesser extent than the fraction of waste
packages contacted by seepage water, particularly
in the 1-million-year period. In the 1-million-year
simulation, the saturated zone dilution factor and
biosphere dose-conversion factors were found to
be more important than the mean Alloy 22
corrosion rate.

4.4 EFFECTS OF DISRUPTIVE EVENTS

Previous work has identified potentially disruptive
events that might affect long-term repository

performance (DOE 1988, Section 8.3.5.13;
Barnard et al. 1992, Chapters 6 and 7; Wilson et al.
1994, Chapters 16 and 17). The four disruptive
events considered for TSPA are basaltic igneous
activity, seismic activity, nuclear criticality, and
inadvertent human intrusion. The methods used to
identify and select the disruptive events are
described in the first part of this section. How
these events are used in this TSPA is discussed in
the remainder of the section. Chapter 10 of the
Total System Performance Assessment-Viability
Assessment (TSPA-VA) Analyses Technical Basis
Document (CRWMS M&O 1998i) discusses the
details of the disruptive-events analyses.

Disruptive events are considered to have probabil-
ities of less than 1 (their chances of occurring are
less than 100 percent over the life of the repos-
itory), in contrast to the expected events and
processes (for example, waste package corrosion,
thermal effects, groundwater flow and transport).
Generally, disruptive events are rare (volcanoes or
earthquakes) and have identifiable starting and
ending times, in contrast to continuous processes
like corrosion. Although criticality does not have a
sudden onset, it is included here as an example of
an off-normal condition.

The disruptive event modeling studies and analyses
presented in this section were prepared with the
view of addressing various subissues of the NRC
Key Technical Issues on Igneous Activity (NRC
1998d), Structural Deformation and Seismicity
(NRC 1997d), and Total System Performance
Assessment and Integration (NRC 1998a). Specif-
ically, the information presented is pertinent to the
igneous activity subissue on consequences of
igneous activity within the repository setting, the
structural deformation and seismicity subissue on
seismic motion, and the TSPA integration subissue
on model abstraction.
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4.4.1 Initial Selection of Important Issues

In previous TSPAs, DOE has used generalized
event trees for constructing disruptive scenarios
(Wilson et al. 1994, Section 3.2). This approach
has created a detailed understanding of the
processes that could contribute to increased radio-
nuclide releases following a disruptive event. The
approach taken in past TSPAs was not intended,
however, to demonstrate that these analyses
comprehensively analyzed all disruptive scenarios.
Therefore, for this TSPA, DOE has begun a
scenario development method that will document
all features, events, and processes in the analysis.
Implementation of this scenario development
method is incomplete for this TSPA, partly because
new information must be considered as it becomes
available.

The ultimate criterion for inclusion of disturbed
scenarios in TSPA analyses is whether they are
likely to have a significant impact on performance
of the repository system over the period of
regulatory concern. The criteria for considering
inclusion of disturbed scenarios in TSPA analyses
are

* Probability-Is the probability of the event
occurring large enough that it could affect
the chances that performance of the repos-

I itory would suffer?

* Consequence-Are the potential conse-
quences of the disturbance of sufficient
magnitude that repository performance could
be adversely impacted?

* Regulatory-Are there regulatory require-
ments that mandate consideration of distur-
bances (or specifically exclude certain
disturbances)?

To date, basaltic igneous activity, seismic activity,
* and nuclear criticality have been identified as the

disruptive features, events, and processes to be
used in scenario construction, based on evaluations
using the generalized event trees (Barr et al. 1993;
Barr et al. 1996; CRWMS M&O 1997b). Human
intrusion has also been investigated, but the

method of inclusion in the TSPA for the potential
licensing analyses is uncertain, pending clarifi-
cation of regulatory requirements. Other disruptive
events, such as meteorite impact or erosion, have
been eliminated using the three criteria listed
above. Section 10.2 of the Total System
Performance Assessment-Viability Assessment
(TSPA-VA) Analyses Technical Basis Document
(CRWMS M&O 1998i) discusses scenario devel-
opment in detail.

4.4.2 Igneous Activity

Basaltic igneous activity includes volcanic
eruptions and intrusive or extrusive events (in
which molten igneous material is cooled within the
earth or on the earth's surface, respectively).
Volcanoes can potentially disperse radionuclides
from waste packages directly into the atmosphere,
where they can reach nearby populations. Igneous
intrusions that penetrate the repository but do not
reach the surface could potentially destroy waste
packages and make the radioactive contents more
readily available for transport by groundwater.
Intrusions that occur in the Yucca Mountain region
could potentially alter the transport of contami-
nants in groundwater. These scenarios have been
investigated in prior TSPA analyses (Barnard et al.
1992, Chapter 7; Wilson et al. 1994, Chapter 17).
The consequences of igneous activity were found
to contribute less than one percent to overall repos-
itory performance measures (to either releases or
doses). However, the probability of occurrence of
igneous activity as estimated by the Probabilistic
Volcanic Hazard Analysis (CRWMS M&O 1996c)
is greater than the lower limit of 1 x 10-8 per year
adopted by DOE as the level of concern (NRC
1995, page 3-5).

The Probabilistic Volcanic Hazard Analysis
(CRWMS M&O 1996c) was conducted to assess
the probability of disruption of the proposed repos-
itory by a volcanic event and to quantify the uncer-
tainties associated with this assessment. The
evaluations of members of a ten-person expert
panel were elicited to ensure that a wide range of
approaches was considered in the hazard analysis.
The results of the individual elicitations were
combined to develop an integrated assessment of
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the volcanic hazard that reflects the diversity of
alternative scientific interpretations. The
assessment focused on the volcanic hazard at the
site expressed as the probability of disruption of
the repository. It provides input to an assessment of
volcanic risk, which expresses the probability of
increased radionuclide release because of volcanic
disruption.

The possible volcanic hazard to the repository is
magma feeding a dike or surface eruption. The
basic elements that need to be assessed to define
the hazard are the spatial distribution and the recur-
rence rates of future volcanic events in the region.
Spatial models represent the future locations of
volcanic activity. Temporal models define the
frequency of occurrence of volcanic activity and,
therefore, the probability of occurrence. Results of
the study indicate that spatial issues are more
important than temporal issues.

Based on the results of the Probabilistic Volcanic
Hazard Analysis (CRWMS M&O 1996c), a
volcanic event is expected to intersect the repos-
itory footprint (the area within the repository
outline) at an expected annual frequency of 1.5 x
10-8. This frequency value has a 90-percent confi-
dence interval of 5.4 x 10-10 to 4.9 x 10-8. The
major contributors to the uncertainty in the
frequency of intersection are the statistical uncer-
tainty in estimating the rate of volcanic events from
small data sets and the uncertainty in modeling the
spatial distribution of future events.

4.4.2.1 Direct Release Scenario

In the direct-release scenario, a volcanic eruption
disperses contaminated ash on the ground. The
components of this scenario are illustrated in
Figure 4-41. The figure is constructed as a series
of branch points; if an event or process occurs, the
next element of the scenario is evaluated. If it does
not occur, either the scenario is terminated with no
adverse performance assessment consequences or
another scenario is invoked.

The first branch asks whether igneous intrusion
occurs in the Yucca Mountain (Figure 4-41a). This
is the issue addressed by the Probabilistic Volcanic

Hazard Analysis (CRWMS M&O 1996c), as
discussed above. If igneous activity does occur, a
branch on whether the igneous event causes an
intrusion follows. If the intrusion is outside the
repository footprint, the indirect-effects scenario is
used (see Section 4.4.2.3). If the intrusion inter-
sects the repository, the next branch asks if any
waste packages are directly contacted. If the
intrusion does not contact any waste packages,
there is no adverse impact on performance
assessment beyond that evaluated in the indirect-
effects scenario.

If waste packages are directly contacted by
ascending extrusive magma or by a pyroclastic
flow, the next branch point is shown in Figure 4-
41b. The branch determines whether the condi-
tions allow the waste packages to be breached by
the ascending hot material. The processes that can
rupture a waste package include rapid corrosion by
aggressive magmatic gases, deformation and
rupture of the metal waste package, or blowout of
the end plates from the high temperatures. The
thick outer barrier of the waste package is made of
materials that are very susceptible to attack by
sulfur compounds normally identified in eruptions.
Therefore, we assume that, during the period of
eruption (typically between 5 and 40 days for
igneous events in the Yucca Mountain region
[Jarzemba 1997, Table II]), the outer barrier will be
completely removed. The inner waste package
wall is made of a superalloy composed of nickel,
chromium, and molybdenum, that has been
selected for its corrosion resistance. Although
experiments have not directly confirmed it, the full
2-cm (3/4-in.) thickness of this superalloy is
unlikely to be corroded through because the
expected duration of typical Yucca Mountain
eruptions appears to be too short. Only if the inner
barrier has previously been degraded by normal
corrosion processes will an igneous event breach
the waste package. If the waste package is not
breached, the scenario stops because the encapsu-
lation of the waste packages in basalt is likely to
have a beneficial effect on subsequent repository
performance.

For those waste packages that are breached, the
scenario investigates the mechanisms for removing
waste from the opened packages. The moving
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Figure 4-41 a. Alternative Consequences of a Magmatic Dike Intruding the Repository
This figure illustrates some of the branch points for a dike interacting with the repository.
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Figure 4-41b. Alternative Consequences of a Magmatic Dike Intruding the Repository-Part 2
If waste packages are directly contacted by magma or a pyroclastic flow what are the possible conse-
quences? The chemically aggressive gases and high temperatures associated with a volcanic event could
breach packages.
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liquid magma or pyroclasts can cause waste to be
ejected from the packages by hitting it. The
density of waste material is considerably greater
than that of magma (approximately 11 g/cm3

[Glasstone and Sesonske 1991, Table 8.3] for
waste and 0.8 to 2.5 g/cm3 [Suzuki 1983, Figure 3]
for magma). This density difference means that to
cause waste to be ejected from the package, the
magma material must be at least as large as the
waste material that it hits. This relationship holds
for the range of ascent velocities for magma that
are typical of the Yucca Mountain area volcanoes.
The process was simulated by comparing the sizes
of magma fragments and waste materials. If the
moving igneous material is unable to eject material
from the waste package, then the enhanced-source-
term scenario is examined (see Section 4.4.2.2).

The ascending magma or pyroclasts can transport
the heavy waste material to the surface (see Figure
4-41c) if the upward magma velocity is faster than
the downward settling velocity of the waste. An
ascent velocity ranging from approximately 10 m/s
(20 mph) to over 200 mls (400 mph) is required to

Waste is entrained to
L.~_~acen ascending ash?

Performance
assessment No

consequence 1
modeled by enhanced Yes
source term scenario.

entrain the waste material. This component of the
scenario completes the definition of the source
term used by the ash-dispersal analysis. If the
waste is not moved to the surface, it collects
somewhere underground and could contribute to
the enhanced-source-term scenario. This type of
underground accumulation of waste material has
not been evaluated for this TSPA.

The dose to humans from this scenario is calcu-
lated based on the dispersal of contaminants in
volcanic ash. The ash-dispersal model (Jarzemba
1997, Section IV.B) uses information on eruption
characteristics of volcanoes, wind direction and
velocity, and ash and waste characteristics.

4.4.2.2 Enhanced Source Term Scenario

When liquid magma intersects the repository drifts,
it can flow down the drifts and engulf the waste
packages. In this environment of high temperatures
and aggressive magmatic gases, even the
corrosion-resistant parts of the waste packages are
expected to fail. When this happens, the liquid

"4
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Figure 4-41c. Alternative Consequences of a Magmatic Dike Intruding the Repository-Part 3
If waste is incorporated in the eruption, what are the potential consequences? Contaminated ash may be
transported to the surface and dispersed in an ash plume.
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magma can dissolve some of the U0 2 in the spent
nuclear fuel (Westrich 1982, Figure 3). When the
basalt cools (in about 10 years for a 2-mi [7 feet]
wide intruded dike) groundwater returns to the
drifts. As the basalt cools, it cracks, allowing the
water to dissolve the U0 2 and other radionuclides
in the contaminated basalt. The groundwater then
carries the contaminants through the geologic
media to the dose-exposure location (the location
20 km [12 miles] south of the potential repository
where humans can be exposed to radionuclides).
Figure 4-42 illustrates this scenario.

4.4.2.3 Indirect Igneous Effects Scenario

If an igneous event occurs near the Yucca
Mountain repository, it could affect repository
performance although magma does not contact the
waste. This scenario is shown in Figure 4-43. As
discussed in Section 3.7, groundwater flow and
radionuclide transport through the saturated zone
are controlled by the geologic features and their
hydraulic properties. If an igneous event occurs in
the saturated zone, it could potentially change flow
and thus repository performance. The most likely
places for dike intrusion are near sites of recent
igneous or seismic activity (faults or existing
dikes). The dike could change the flow pattern by
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Figure 4-42. Source Term Enhanced by Igneous Activity
What are the possible outcomes if liquid magma intersects the repository, engulfing the waste packages and
causing breaches? After the intrusive magma cools, and normal groundwater flow returns, radionuclides
could be carried from the repository in groundwater.
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Figure 4-43. Indirect Igneous Effects Scenario
If magma intrudes near the repository, not directly contacting the waste, but possibly altering groundwater
flow patterns in the area, could it affect the dose rate at the receptor site? If a magmatic dike alters the flow
pattern, redirecting flow, there is the potential for an increase in radionuclide doses to humans.

redirecting flow. This change in flow could poten-
tially increase the radionuclide doses to humans.

4.4.2.4 Results of Igneous Activity Analyses

Modeling of direct-release volcanism shows that
there is very little impact from this scenario. When
all the processes outlined in Section 4.4.1 are
considered, less than 6 percent of all igneous
events could cause releases of contaminants into an
ash cloud. When combined with the probability
that these events happen at all, the contribution to
the base case repository performance is negli-

gible. Figure 4-44a compares median dose rates.
The median dose rates are also much smaller than
the peak dose rates for the groundwater base case.
Figure 4-44b compares the dose rates over
1 million years. The maximum dose rate from
volcanism is approximately two million times less
than the peak dose rates from the base case ground-
water transport of radionuclides.

The model for the enhanced-source-tenn scenario
examines the interaction underground of magma
with waste packages. The magma is predicted to
contact between 0 and 170 waste packages, with 40
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Figure 4-44. Volcanic Eruption Scenario Dose Rates
(Top, a) Median dose rates from volcanic eruptions
compared with median base-case dose rate. The
median dose rates due to releases associated with
volcanic eruption are significantly smaller than those
modeled in the base case. (Bottom, b) CCDF showing
combined peak dose rates and probabilities for the
volcanic eruption scenario compared with the base
case.

to 50 waste packages being the average. The
sudden release of radionuclides in this scenario
produces an increased source term for the base case
groundwater flow and transport calculations. All
other flow and transport modeling parameters are
specified the same as for the base case. Two
examples of dikes interacting with waste packages
are shown in Figure 4-45. One event occurs at
about 113,000 years and has a peak dose rate of 4
times the peak dose rate of the base case example
shown in Figure 4-45 (that occurs at about 350,000
years).

The other event occurs at about 735,000 years and
has a peak dose rate of 3 times the example base
case. In both cases, the peak dose rate at the dose-
exposure location is tens of thousands of years

Figure 4-45. Dose-Rate Time Histories from
Igneous Enhanced Source Term Scenario
Compared with Base Case Dose Rate
Two examples of dike intrusion causing an
enhanced source term release to groundwater are
plotted, and result in an increased dose rate that
occurs tens of thousands of years after the intrusion.

after the event because of the time needed for
groundwater to transport the radionuclides. For all
the modeled cases, the increase in dose rates range
from less than 2 times to about 8 times the base
case, although volcanic events that happen before
about 100,000 years produce dose rates many
times greater than the base case dose rate for the
same time period. As Figure 4-45 shows, after the
waste released by interaction with magma has been
transported away, the dose histories again track the
base case (this can take about 100,000 years).
Figure 4-46 shows CCDFs for peak dose rates for
100,000 years (Figure 4-46a) and for 1 million
years (Figure 4-46b). In both cases, the CCDFs are
significantly less than the corresponding base case
CCDFs. The peak dose rates are less than half
those of the corresponding base case rates, and the
probabilities are approximately one-tenth those of
the base case dose rates.

Modeling of the indirect effects of igneous events
has shown that recently formed geologic structures
(faults or dikes) upstream from the repository have
no effect on contaminant transport. In order to
calibrate the flow model it was necessary to make
the hydraulic conductivity of existing structures
very low (Wilson et al. 1994, Table 11-1). Thus,
making them even more of a barrier through
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The probability that any of these igneous-activity
scenarios will occur can be estimated. Over 10,000
years, there is less than one chance in 1,000 that
there will be any igneous activity at all. If there is
activity, there is a very low probability that a
volcanic eruption will contain any high-level radio-
active waste, because the waste packages still
provide enough containment to withstand the
forces of the eruption. About 60 percent of the
time, an eruption would cause an enhanced source
term for groundwater transport of radionuclides
(regardless of the time of occurrence). Over one
million years there is less than a 10 percent chance
that there will be igneous activity. If an igneous
event does occur, there is about a 5 percent chance
that a volcanic eruption will contain high-level
radioactive waste and a 60 to 70 percent chance
that there will be more radionuclides in ground-
water flow because of the eruption. The details of
the igneous-activity analyses are contained in
Section 10.4 of the Total System Perfonnance
Assessment-Viability Assessment (TSPA-VA)
Analyses Technical Basis Document (CRWMS
M&O 1998i). Table 4-3 summarizes the probabil-
ities of volcanic effects.

4.4.3 Seismic Activity

Seismic activity has not previously been systemati-
cally included in TSPA analyses, although
ancillary calculations have been made (Gauthier et
al. 1996). Potential effects of seismic activity
include the following:

* Vibratory ground motion and displacement
from earthquakes (can cause rockfall on
waste packages or other disruptions to the
packages)

* Changes in site hydrologic properties (such
as change in flow patterns of groundwater
near the waste packages or a change in
elevation of the water table)

* Indirect effects such as alteration of ground-
water flow and transport paths from faulting
near the repository site

Because these events have not been evaluated in a
previous TSPA, their potential impact on a repos-

FV3044-6

Figure 4-46. Peak Dose Rate Complimentary
Cumulative Distribution Function for 100,000 and 1
Million Years
Peak dose rate CCDFs for 100,000 years (Top, a)
and 1 million years (Bottom, b). Probabilities and
dose rates for both time periods are considerably less
than the corresponding base case dose rates.
(CCDF-complimentary cumulative distribution
function)

igneous intrusion causes no noticeable change in
the flow patterns. When the down-gradient dikes
are modeled as being more transmissive, there is a
small change in the flow pattern. Generally, the
flow is directed more to the east and may be
slower, which does not increase the dose rates
significantly. Patterns of radionuclide concen-
tration for the base case and for a more trans-
missive dike located along the Solitario Canyon
fault are shown in Figure 4-47.
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Figure 4-47. Contaminant Concentration Profiles Resulting from a Dike Intruding Along the Solitario Canyon
Fault
A transmissive dike along the Solitario Canyon fault area could shift contaminant concentration flow patterns
to the northwest (shown by the dotted contours).

itory has not been known until these analyses. The
probability of earthquake occurrence is sufficiently
high that these scenarios must be considered.

The Probabilistic Seismic Hazard Analysis
(CRWMS M&O 1998h) led to the determination of
fault displacement and vibratory ground motion
hazards. The activities performed were as follows:

Evaluation and characterization of seismic
sources including the characterization of
potential fault displacement

* Evaluation and characterization of vibratory
ground motion, including earthquake source,
wave propagation path, and the effects of the
country rock

* Probabilistic seismic-hazard analyses for
both fault displacement and vibratory ground
motion

The hazards results are in the form of annual
frequencies that various levels of fault
displacement and vibratory ground motion are
expected to exceed. The hazard analyses were
based on evaluations of the seismic source charac-
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Table 4-3. Probabilities of Igneous Impacts on Repository

-. . f- . - ,- , ' ; At 10,000 years At 1,000,000 years
Probability of Occurrence < 0.0001 < 0.1
Probability of Surface Releases -0 -0.05
Probability of Increased Groundwater Doses -0.6 0.6 - 0.7

teristics, earthquake ground motions, and fault
displacement that reflect interpretations of
different scientific hypotheses and models using
available data.

The procedures used for evaluating seismic
hazards allowed quantitative assessments based on
interpretations provided by the experts. (Two
expert groups were assembled: a panel of ground
motion experts, and panel of seismic-source and
fault-displacement experts. The latter panel was
divided into teams covering the geology, tectonics,
and geophysics of Yucca Mountain.) The quantifi-
cation incorporates uncertainty in the hazard
analyses because of uncertainty in the input inter-
pretations as well as random variability in input
parameters. The hazard results are presented as
mean, median, and fractile hazard curves repre-
senting the total uncertainty in input interpreta-
tions.

4.4.3.1 Rockfall Scenario

Falling rock can affect repository performance if
damage to the waste packages causes early leakage
of radionuclides. Rockfall can either split the
waste package, allowing immediate access of air
and water, or cause dents in the package, providing
locations for accelerated corrosion. Additionally,
rockfall can knock waste packages from their
supports, enhancing the chances of corrosion on
the bottom. If the waste package is prematurely
corroded, air and water can reach the waste earlier.
Figure 4-48 illustrates this scenario.

Rocks from the drift walls can fall if the stresses on
them change. Initially the drifts are lined with
concrete, but the concrete is expected to
decompose within a few hundred years (the base
case assumption and the one used here is that the
drifts are not backfilled). As the emplaced waste

heats the repository area, the rock stresses change,
primarily because of thermal expansion. In some
cases, the effect on the rocks surrounding the drifts
is a change from compression to tension, poten-
tially causing rockfall.

Seismic activity can also cause rockfall. The
magnitude of the sizes of rocks that fall has been
correlated with vibratory ground motion. The
Probabilistic Seismic Hazard Analysis (CRWMS
M&O 1998h, Volume 1, Chapter 7) has provided
the probabilities of occurrence of various levels of
peak ground velocity. It should be noted that earth-
quake ground motion is greatly reduced under-
ground. An earthquake that can collapse buildings
on the surface has much less effect underground.
Over any period (such as 10,000 years), there are
expected to be numerous small earthquakes (with
small ground velocity), but there is also a small
probability that there can be large earthquakes.
The Probabilistic Seismic Hazard Analysis
(CRWMS M&O 1998h) provides estimates of
these probabilities.

For waste packages to be damaged by falling rock,
the following must occur:

* A sufficiently big rock is available

* The waste package wall is so thin that the
rock can damage it

* The rock hits a package

The distribution of rocks available to fall has been
estimated from a study of fracture spacing in the
Exploratory Studies Facility. Most rocks are less
than 1,000 kg (I ton), with many weighing near 50
kg (100 lb). There are very few rocks greater than
3,500 kg (4 tons). The distance the rocks fall is
approximately from the drift ceiling to the waste
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Figure 4-48. Rockfall Scenario
Rockfall could damage packages causing acceleration of corrosion, and if packages are already damaged by
corrosion, even faster exposure of waste could occur.

package-approximately 3.5 m (12 ft). When the
waste package outer barrier is thick, the rock mass
needed to damage it is very large (larger than
3,500 kg (4 tons)). As the waste package walls
corrode, the rock mass that can damage it is corre-
spondingly less (as small as 50 kg (100 lb) for
severely corroded packages). Therefore, at later
times (more than 100,000 years) rockfall damage is
more likely because the waste packages have
corroded and there is a much longer period of time
in which a large earthquake can occur. Lastly, the

waste packages occupy about 40 percent of the
space along a drift. For the size rocks considered
here, any that fall have an approximately 40
percent chance of hitting a waste package (or a 60
percent chance of falling to the drift floor without
hitting a waste package).

4.4.3.2 Indirect Seismic Effects Scenario

Seismic activity near Yucca Mountain could affect
repository performance even if a fault does not
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intersect the repository. This scenario is shown in
Figure 4-49. As discussed in Section 3.7, flow and
transport through the saturated zone is controlled
by the geologic structures and their hydraulic
properties. If faulting occurs in the saturated zone,
it could potentially change water flow patterns and,
therefore, repository performance. The most likely
places for faulting to occur are at locations of
previous igneous or seismic activity. These
locations include faults near the repository
footprint (for example, Solitario Canyon and Drill
Hole Wash) or faults in the Yucca Mountain region
(for example, Stagecoach Road). A fault can
change the flow pattern by either being a barrier to
flow or a conduit for flow. Redirection of flow
could increase the dose rate at the receptor
location. However, recently observed seismic
activity (the Little Skull Mountain earthquake)
does not significantly affect flow. Over suffi-
ciently long times, several earthquakes could cause
substantial movement along existing faults.

4.4.3.3 Results of Seismic Activity Analyses

Based on modeling results, most waste package
failure because of ground motion occurs when the
waste package outer wall is completely corroded
away. Figure 4-50 shows a distribution of waste
package failure times because of rockfall. Analyses
of the rock sizes that are required to break open a
waste package show that, if the outer barrier is not
corroded, a rock larger than any observed in the
Exploratory Studies Facility is needed to damage
it. When the outer barrier and about half the
thickness of the inner barrier are gone, a rock
similar to the average-sized rock in the Exploratory
Studies Facility can damage a waste package.
However, this type of failure requires more than
100,000 years under wet-corrosion conditions.
The analysis combined failures from rockfall with
those from normal corrosion. Waste package
damage from corrosion and rockfall has been used
in dose calculations similar to those for base case
groundwater flow. The calculations show that
there is almost no effect on repository performance
over 1 million years. The model for waste form
release after the waste package is breached
assumes that just one hole is enough to permit
substantial amounts of waste to be released (see
Section 3.4). The rockfall analysis predicts that

much larger (and more numerous) holes occur than
for corrosion. However, this does not change the
amount of waste released under the existing waste
package model.

The results of the indirect-effects modeling are
very similar to the modeling of the indirect effects
of dikes (see Section 4.4.2.4). There is very little
change in the flow pattern when a permeable fault
is introduced to the region and no detrimental
effect at all if the fault is a flow barrier. There is no
difference between this concentration profile and
the one for the base case. Modeling has shown that
the concentration profiles change only if several
faults occur.

Over 10,000 years, the probability of rockfall
causing a waste package to split open is essentially
zero because the waste package walls are thick
enough to withstand hits from most falling rocks.
There is less than a 1 percent probability that
rockfall will accelerate corrosion during this time
period. Over 1 million years, about 30 percent of
the waste packages in the repository could be
breached by rockfall. When these failures are
added to the normal failures from corrosion, they
do not significantly change the overall probability
of failure because they mostly occur at very late
times (more than 500,000 years after
emplacement). Section 10.5 of the Total System
Performance Assessment-Viability Assessment
(TSPA-VA) Analyses Technical Basis Document
(CRWMS M&O 1998i) contains a detailed
description of the calculations.

4.4.4 Nuclear Criticality

Isolated nuclear criticality events could occur if the
engineered control measures in the waste package
fail and other conditions occur (such as the
presence of water). Additionally fissile material in
the waste can potentially form a critical configu-
ration in the surrounding rock. Criticality has not
previously been included in TSPA analyses, but the
DOE waste package design team has extensively
investigated the possibility (CRWMS M&O
1996b; CRWMS M&O 1997r; CRWMS M&O
1998f). Although criticality is very unlikely
because multiple failures in designs and materials
must occur, it cannot be ruled out during the period
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Figure 4-49. Indirect Seismic Effects Scenario
Could seismic activity in the repository area, not directly impacting the site, have an effect on groundwater
flow? If groundwater flow patterns were affected in a manner that enhanced flow to the receptor site, there
could be a change in dose rate.
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Figure 4-50. Number of Waste Package Failures
from Rockfall as a Function of Time
Based on the size of rocks observed in the Explor-
atory Studies Facility, the packages would have to
have lost the outer barrier and half of the inner
barrier thickness in order to be significantly
damaged by rockfall.

of repository performance. Criticality can occur in
two locations in a repository system, inside a waste
package or in the surrounding rock. The following
three factors are required for nuclear criticality to
occur in the Yucca Mountain repository
environment (Kastenberg et al. 1996, Chapter 1):

* A sufficient quantity of fissile fuel (uranium
or plutonium)

* A moderator (e.g., water) of the fission
neutrons

* Insufficient neutron absorbers (e.g., boron)
for the amount of fissile material present

In addition, the geometrical configuration of the
fuel and moderator influences the likelihood of a
criticality.

4.4.4.1 In-Package Criticality Scenarios

There is generally sufficient fissile fuel inside a
waste package to form a critical configuration;
however, the waste package is designed to provide
sufficient neutron absorbers to prevent criticality.
Furthermore, waste packages may be loaded in
such a manner that in-package criticality, even in
the worst degraded configuration, is an incredible
event (CRWMS M&O 1997r, p. 75). If water can

enter the waste package, a mechanism then exists
to corrode the steel containing the neutron
absorbers and remove any soluble neutron
absorbers. If, in addition, the water fills most of
the waste package, a moderator is present to
support a criticality. Scenarios for in-package criti-
cality investigate processes for introducing water
to a waste package and dissolving out the neutron
absorbers (CRWMS M&O 1997b). The processes
differ slightly depending on the type of fissile
material in the waste package, but the general
scenario is the same. Figure 4-51 illustrates this
general scenario. Criticality analyses for both
commercial spent nuclear fuel (CRWMS M&O
1997r) and a bounding case for DOE-owned
aluminum-clad spent nuclear fuel (CRWMS M&O
1997u) have been completed.

If a hole develops in the top of the waste package
but not in the bottom, a "bathtub" that can hold
water is formed in the waste package. For
commercial spent nuclear fuel, the primary neutron
absorber is boron carried in stainless steel plates.
Certain of the assemblies will be so reactive as to
require additional neutron absorber, less soluble
than boron. For such a limited fraction of the
waste packages, gadolinium, hafnium, or boron
carbide could be suitable replacements for, or
supplement to, the boron. As the steel rusts away,
the boron can dissolve in the water and be flushed
from the waste package or it can settle to the
bottom of the package. Each spent nuclear fuel
assembly is in the proper configuration to support
criticality because it was in that configuration
when it was in a nuclear reactor. As the waste form
degrades, the fuel assemblies may shift. This shift
may make the configuration more or less reactive.

The onset of a nuclear criticality is accompanied by
an increased heat output. This heat will cause
accelerated evaporation or boiling of the water
moderator; the resulting loss of moderator will

slow down, or stop the criticality 46. A steady-state
criticality can be maintained at a power level such
that the rate of water evaporation, or boiling, will
just equal the rate of water flowing into the waste
package. Eventually, even the steady-state reactor
will shut down because of reduction in the flow of
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Figure 4-51. In-Package Criticality
Criticality is very unlikely, but a series of sequential steps that could lead to in-package criticality are shown.
The result could be additional radionuclides available for transport; however, many would be short-lived and
could decay away before reaching a receptor.
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water into the waste package, or a loss of standing
water due to failure of the package bottom.

Criticality increases the radionuclide inventory (in
the waste package where the event occurred) that
could be transported by groundwater to the dose-
exposure location. The additional fission products
initially have high activity but many are relatively
short-lived. They can potentially cause increased
doses at the dose-exposure location if both short-
lived and long-lived radionuclides are transported
there. The transport process for these radionu-
clides is expected to be the same as for the base
case, thus the impact of any criticality on perfor-
mance assessment can be judged by the change in
source term. Because transport by groundwater
ranges from several hundred to several thousand
years (see Figure 3-73), the additional short-lived
radionuclides that are produced by the criticality
will mostly decay away before they reach the dose
receptor point.

4.4.4.2 Out-of-Package Criticality
Scenarios

As waste is transported from the waste package, it
could accumulate in the surrounding rock.
Transport as either solutes or colloids is possible.
Mechanisms for accumulation include physical or
topographic features (such as accumulation of
contaminated water in geologic strata or ponding
of water in low spots in the drifts). Flooding of
drifts is considered quite unlikely because the
calculated seepage rate is very low and the perme-
ability of the rock is high. Other scenarios will be
investigated for the LA, including those consid-
ering potential criticalities in the repository drifts.
When the waste form dissolves, its chemical
oxidation state usually increases. Accumulation
mechanisms can occur if the contaminated water
encounters reducing materials that cause the
dissolved fissile materials to precipitate. Organic
materials such as buried carboniferous logs are a
possible source of reducing agents. The transport
process separates the fissile materials and the

neutron absorbers that may have left the waste
package together. For example, transport of fissile-
material colloids may separate them from the
neutron-absorbing materials. If the fissile material
forms a spherical shape in the rock, criticality is
more likely to happen than if the material is in a
flat plane. Fission products created by the criti-
cality could be transported to the dose receptor
point. Figure 4-52 illustrates some external criti-
cality scenarios.

4.4.4.3 Results of Nuclear Criticality
Analyses

The consequences of criticality have been
evaluated by the waste package design team and
found to be relatively small compared with the
measures for nominal repository performance. An
analysis of an in-package criticality scenario for
commercial spent nuclear fuel has been completed,
using conditions and waste characteristics that
potentially maximize the effects of the criticality
(CRWMS M&O 1997r, Section 6.2.2). Section
10.6 of the Total System Performance Assessment-
Viability Assessment (TSPA-VA) Analyses
Technical Basis Docuanent (CRWMS M&O 1998i)
contains details of these analyses.

The examples analyzed had criticality durations
ranging from 1,000 to 10,000 years (the latter
being the longest period that could be supported by
a necessary, moist climate cycle). To be conser-
vative, the example criticalities are assumed to
start 15,000 years after emplacement, when
commercial spent nuclear fuel is the most reactive
(CRWMS M&O 1997r, Figures 6.2.2-1 and 6.2.2-
2). For further conservatism, a criticality design-
basis fuel is used (selected to be more reactive,
with respect to criticality, than 98 percent of the
commercial pressurized water reactor spent nuclear
fuel). Figure 4-53 shows the time histories of the
radioactivity for a waste package containing
21 pressurized water reactor design-basis fuel
assemblies that undergo a criticality event of 1,000,
5,000 or 10,000 years. Also shown in the figure is

46 The natural reactor occurring at Oklo, Gabon, depended on unique conditions in the surrounding rock that resulted
from sufficient water to moderate the fission reaction. When the water was unavailable, the reactions stopped
(Oversby 1996, pp. 37-38; Naudet 1975, pp. 589-601).
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Figure 4-52. External Criticality Scenarios
Criticality in the rock away from the repository is very unlikely, but a series of processes that could lead to out-
of package criticality are shown. The result could be additional radionuclides available for transport to a dose
receptor.
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Figure 4-53. Radioactivity Levels for In-Package
Criticality Model
(Top, a) Criticalities lasting for three different
durations are shown: 1,000 years; 5,000 years;
10,000 years. All start at 15,000 years after
emplacement. (Bottom, b) A comparison of total
radioactivity developed for different fuel types from a
5,000-year criticality. ('Criticality spent fuel" is the
waste that is modeled as going critical for 5,000
years.) The extra radioactivity from this criticality is
less than the normal radioactivity from most waste.

the total radioactivity for the same package that
does not undergo a criticality, and the radioactivity
for a package containing average pressurized water
reactor assemblies. It is seen that the design basis
fuel has about 24 percent more radioactivity
immediately after the criticality shuts down (at
25,000 years) than does the fuel not undergoing a
criticality. It should, however, be noted that both
these radioactivity curves are below that of the
average pressurized water reactor spent-fuel
package that does not undergo any criticality. The
additional heat output from a steady-state criti-

cality is only about 2 kW per package, which is
inconsequential compared with the overall repos-
itory heat load. Because of the small increases in
radioactivity and heat output, there is no chance
that the waste package and engineered barrier
system will be mechanically disrupted by a criti-
cality.

Criticalities outside the waste package primarily
require some mechanism to accumulate the fissile
material in a localized area. To accumulate suffi-
cient fissile material for a criticality, the
mechanism must be fairly effective, since the
concentration of dissolved uranium and plutonium
in groundwater is very low (about 1 part in 100,000
or less, as is discussed in Section 3.3). An analysis
of the potential for external criticality from
plutonium has been completed (CRWMS M&O
1998f, Section 6). The waste packages contain
sufficient neutron absorbers to prevent criticality
inside the container. However, at high pH,
uranium and plutonium are relatively soluble,
while the neutron absorbers are not. These condi-
tions provide the opportunity for the fissile
materials to move away from the neutron absorbers
and concentrate in the drift or the surrounding
rock. Concentration mechanisms include reaction
with the tuff or sorption on zeolites. Using the
EQ6 reaction-path computer code (Wolery 1992a),
precipitation and sorption of plutonium has been
estimated. For both processes, the concentration of
plutonium is less than 0.01 percent by volume,
which is much too low to make criticality possible.

Another mechanism for external accumulation is
the analog of the uranium ore deposits found in
nature. The conditions for epigenetic (accumu-
lating later than the surrounding host rock)
formation of ore bodies are almost totally absent
from the Yucca Mountain area (CRWMS M&O
1998f, Section 6.2). Uranium or plutonium precip-
itation occurs if the dissolved materials encounter a
reducing environment. Potential reducing environ-
ments include hydrothermal fluids (can be
associated with igneous activity, although these
conditions have not been observed in the Yucca
Mountain region), decayed organic material, or
petroleum deposits. None of these features are
located in the Yucca Mountain area, nor are they
anticipated to occur.
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In the extremely unlikely event that an external
criticality occurs (with uranium or plutonium), the
resulting radionuclide inventory increase is very
small. For example, (CRWMS M&O 1998f,
Section 9) a plutonium-fueled criticality operating
at a power level of 590 watts was simulated for
4,000 years. Of the total radioactivity of 560 curies
immediately after shutdown, 480 curies come from
radioactive decay of the plutonium already present
in the waste form and the balance (80 curies) from
the result of the criticality (fission products and
transuranic elements), so the criticality contributes
only a minor amount to the radioactivity.

It has been suggested (Bowman and Venneri 1996)
that a transient external criticality with a large mass
of highly enriched fissile material could have suffi-
cient positive reactivity feedback (due to overmod-
eration, a condition that can increase keff as water
is removed from the system), and could be suffi-
ciently confined by the rock, to produce a power
pulse large enough to be classified as an explosion
(Bowman and Venneri 1996, p. 280). The
following are reasons why such a positive feedback
transient event is far less likely than the already
incredible external criticality:

* It will be nearly impossible to accumulate a
large enough mass because the few waste
packages containing highly enriched
uranium (or plutonium) will be widely inter-
spersed among the much greater number of
packages containing low enriched material.
As multiple waste packages fail near the
highly enriched material, the effective
enrichment would be reduced (Van
Konynenburg 1996, p. 306).

* The slow accumulation of such a large mass
of fissile material (over a million years) is
entirely inconsistent with the rapid reactivity
insertion necessary for a transient criticality.
With slow accumulation, it would be nearly
impossible to accumulate an overmoderated
mass without going through a small criti-
cality that would disrupt the mass and conse-
quently preclude the possibility of reaching
the overmoderated condition (Van
Konynenburg 1996, pp. 316 ff.).

The following is a summary of the physical and
chemical processes that act to make repository
criticality an unlikely event (either inside or
outside the waste package):

* Most of the waste packages cannot go
critical because they do not have sufficient
fissile material (or have sufficient
enrichment) to form a critical mass.

* Of the waste packages that have sufficient
fissile material for criticality, commercial
spent nuclear fuel waste packages are a
major fraction. The maximum fraction of
commercial packages with sufficient fissile
material for criticality never exceeds eight
percent of the total. This amount drops by 30
percent for times beyond 40,000 years
(CRWMS M&O 1997r, p. 46). This signifi-
cantly decreases the criticality probability
because only 10 percent of the waste
packages are expected to even be breached
by 40,000 years (see Figure 4-7).

* Of the waste packages that have sufficient
fissile material for criticality once they are
breached and degraded, most require some
form of water retention to provide moder-
ation. Models of the waste package
corrosion process indicate that only 25
percent of the waste packages that are
breached will hold a significant amount of
water for the time required to flush the
neutron absorbers that have been added for
criticality prevention.

* External criticalities are extremely unlikely
because of the low probability of accumu-
lating significant amounts of fissile material
by any credible geologic process. Specifi-
cally, there have been no identified deposits
of carboniferous logs or other carbonaceous
material near Yucca Mountain to cause
accumulation to occur.

4.4.5 Human Intrusion

Human intrusion is generally interpreted to mean
inadvertent penetration of the repository (such as
by drilling operations) that either releases radionu-
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clides at the surface or accelerates radionuclide
transport to the dose-exposure location. Regula-
tions specifically exclude consideration of delib-
erate intrusion of the repository. Human-intrusion
drilling scenarios have been investigated in prior
TSPA analyses and found to contribute less than
1 percent to the overall repository performance
(Barnard et al. 1992, Chapter 6; Wilson et al. 1994,
Chapter 16). Because of the uncertainties
associated with evaluating future human
technology and societies, the National Academy of
Sciences has recommended that the probability of
occurrence of human intrusion not be considered in
any TSPA analysis (National Research Council
1995, Chapter 4). The consequences of human
intrusion, in terms of potential increases in long-
term doses to the exposed public, are used to
measure the resilience of the repository to such
disturbances. In the past, human intrusion require-
ments have been incorporated in NRC and EPA
regulations.

4.4.5.1 Technical Bases for Human
Intrusion Analyses

The stylized analysis of human intrusion assumes
that, as a result of drilling into the repository, a
waste package is penetrated by a drillhole. Waste
then falls down the drillhole to the saturated zone
beneath the repository. There, the flowing water
dissolves the waste and carries it to the dose-
exposure location. This analysis is meant to show
whether a single drilling incident of this type can
cause large doses.

The analysis does not consider the process that
causes punctures to the waste package or how the
waste gets down the drillhole to the water table.
Instead, we make some assumptions about the
amount of waste that can fall down the hole based
on current drilling practices. The analysis assumes
that the drilling is for water, an operation in which
a 21-cm (8-in.) drill bit is typically used. The
drilling operation is assumed to stop when the
driller hits water at the water table. At this point,
the hole is abandoned; it is neither cased (lined
with pipe) nor plugged. Shortly thereafter it fills
with rock debris. Consequently, most of the waste
that reaches the saturated zone comes from the

drilling incident; not from being washed down the
hole later.

The waste that falls down the drillhole is assumed
to be extensively pulverized. The water dissolves
the waste according to the dissolution rate appro-
priate for saturated zone conditions and the surface
area of the specific waste type. The dissolved
waste is transported to the dose-exposure location,
where it adds to the dose from the base case radio-
nuclide transport. Figure 4-54 shows this scenario.

4.4.5.2 Results of Human Intrusion
Analyses

Between 550 and 2,700 kg (1,200 and 6,000 lb) of
waste are assumed to fall down the borehole (the
amount depends on how much is removed by the
drill). Because it is so finely pulverized, the waste
can readily dissolve. Two dissolution rates for
spent-fuel waste are used, representing the lower
and upper ranges expected for saturated zone
parameters that control dissolution. Some of the
radionuclides included in the analysis are
completely dissolved in about 20 years, while the
low-solubility ones (like plutonium) continue to
dissolve in groundwater for many thousands of
years. The drilling incident is modeled as
occurring at 10,000 years (the time at which the
waste package is likely to be degraded enough that
a drill can penetrate it). Figure 4-55 shows the
dose-rate time histories for the extreme cases
modeled (about 550 kg, or 1200 lb per low disso-
lution rate and 2700 kg or 6000 lb. per high disso-
lution rate). The inset graph in Figure 4-55 shows
the dose rates from 10,000 to 20,000 years. The
peak for the large-mass/high dissolution rate case
in this period is approximately 145 times the base
case dose rate at 12,000 years. The dose rate for
the low mass/low dissolution rate case is approxi-
mately 3.7 times that of the base case at the same
time. By about 15,000 years the dose rates again
closely track the base case. At about 50,000 years
the dose rates diverge again, as can be seen in
Figure 4-55. After about 150,000 years the dose
rates for all human-intrusion cases again track the
base case time history.

In terms of the dose to a critical group over
100,000 years, the effects of human intrusion are
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Figure 4-54. Human Intrusion Scenario
This figure is a stylized depiction of what might happen if a waste package were penetrated by a drill bit
during drilling for water with drilling continuing to the water table. The assumption is that waste could be
carried down the drillhole to the water table. This could add to the dose rate at the receptor.
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Figure 4-55. Comparison of Human-Intrusion Dose Rates with Base Case Dose Rates
This figure illustrates the case where the extremes of the amount of waste goes downhole and are dissolved
in groundwater at the two different rates. The inset graph shows that the fastest moving radionuclides are
transported to the accessible environment in about 2,000 years with the next radionuclides arriving in about
12,000 years.
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small (an approximate four-times increase over the
base case dose rate for about 50,000 years). Over
1 million years, this increase over the base case is
unlikely to be significant. At times closer to the
human-intrusion incident, the increased dose rates
can be much larger than the corresponding base
case rates. Section 10.7 of the Total System Perfor-
mance Assessment - Wability Assessment (TSPA-
VA) Analyses Technical Basis Document CRWMS
M&O (1998i) contains details of the human-
intrusion analyses.

4.4.6 Summary

The four scenarios modeled here have produced a
wide range of performance impacts on the base
case performance of the repository. Results from
modeling direct volcanic effects show almost no
impact on performance from either consequence or
probability. The increased dose rates when a dike
creates an enhanced source term can be larger than
some base case analyses, but their probability of
occurrence is less than 10 percent. The peak dose
from volcanism occurs thousand years after the
event because of the time required for transport by
groundwater to the dose receptor point. Because
the volcanic events can happen at any time, the
peak dose rate can be much sooner than the peak
dose rate for the base case. The models for rockfall
do not predict a significant impact on performance.
In-package nuclear criticalities have the potential
to increase the radioactivity in a small number of
emplaced waste packages by up to 25 percent, but
the probability of this type of criticality is low, as is
the probability of criticality outside the waste
package after degradation. Human intrusion
produces increased dose rates that are within the
range of variability of base case results. In
summary, the overall impact of these disturbances
does not significantly change our assessment of
base case performance.

One area of uncertainty that is apparent from these
analyses is the behavior of waste package materials
in magmatic environments. If DOE decides to
analyze disruptive events in the future, a better
understanding of the corrosion and deformation
resistance of the waste package inner barrier
material can help reduce these uncertainties.

4.5 EFFECTS OF DESIGN OPTIONS

Three enhancements to provide potential improved
performance of the engineered barrier system have
been identified as "design options" in Volume 2,
Section 5.3. These enhancements are as follows:

* Emplaced drift backfill

* Drip shields

* Ceramic coating of the disposal container
with backfill

These options are intended to reduce the amount of
liquid water in contact with the waste package,
which is the principle factor impacting waste
package lifetimes. Backfill may cause a reduction
in relative humidity for longer periods after waste
emplacement, thus causing further delay in the
initiation of corrosion. Backfill also may be
considered to control the chemistry of the system,
thus controlling waste package corrosion, waste
from dissolution, engineered barrier system
transport and to some extent geologic transport.
However, the current analyses do not include such
controls. Drip shields and ceramic coating may
provide barriers to seepage into the waste package,
which can reduce waste form degradation and
mobilization. These three enhancements to the
engineered barrier system are illustrated schemati-
cally in Figure 4-56 and are discussed in detail in
Volume 2, Section 5.3. Additional "design alterna-
tives" identified in Volume 2, Section 8.2, are not
analyzed for the TSPA-VA, but will be considered
as part of the EIS and LA analyses.

4.5.1 Emplacement Drift Backfill

The first enhancement is a design for covering the
waste packages with backfill. This design was
incorporated into the thermal-hydrologic model
and the waste package degradation model to
determine the effect on waste package and,
ultimately, repository system performance. The
backfill was assumed to have the thermal
properties of crushed tuff, to be dry at
emplacement, and to be introduced 100 years after
waste emplacement. The initial moisture in the
backfill may cause early corrosion, but this effect is
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Figure 4-56. Engineered Barrier System with Design Enhancements (Backfill, Drip Shield, and Ceramic Coating)

expected to be small as temperatures in the repos-
itory quickly rise to drive off the moisture in the
backfill. The primary effect on the system is an
increase in temperature at the time of backfilling
and a corresponding delay in the relative-humidity
increase as the repository cools. While the effect
of moisture control is an important potential
benefit of backfill, no change in seepage contacting
the waste package as a result of backfilling was
included in the modeling. The full evaluation of
the effects of backfill on system performance have
not been completed because the effects of seepage
have not been quantified and included in the
analysis. For the model assumptions included
herein, there is little difference in total system
performance between backfill and no backfill
cases.

The thermal-hydrologic results and waste package
degradation analyses comparing the case with the
reference design (no backfill in the emplacement
drift) and a partially backfilled emplacement drift
are illustrated in Figure 4-57. The large temper-
ature increase at 100 years corresponds to the

emplacement time of the backfill. For an
emplacement drift without backfill, the dominant
mode of heat transfer is radiation, which is an
efficient mode of heat transfer between the waste
package surface and the drift wall. For a backfilled
drift, the resistance to heat transfer from the waste
package surface to the drift wall is greatly
increased; therefore, the waste package temper-
ature increases. Accompanying the increase in
surface temperature is a corresponding decrease in
relative humidity around the waste package. These
results are presented in Figure 4-57. The degra-
dation of corrosion-allowance material (labeled
CAM in the figure) for the backfill case is delayed
over 1,000 years from the non-backfill case. The
bend in the corrosion-allowance-material degra-
dation curve, after about 80 percent of the waste
packages are breached through the outer barrier, is
caused by a few of the waste packages that have
low relative humidity compared to the rest of the
waste packages. This is a result of the thermal-
hydrologic variability leading to some zones with
low relative humidity. These packages have longer
lifetimes for their corrosion-allowance material.
The non-backfill case didn't have any such
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* Concentration of salts in the backfill from
seepage water.

* Promotion of water condensation at the
contacts between the backfill and the waste
package surface.

* The backfill is not expected to restore the
preconstruction unsaturated zone flow
conditions. These effects have not been fully
evaluated for their impact on overall system
performance.
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Figure 4-57. Effect of Backfill on Temperature and
Fraction of Waste Packages Failed over Time
The top figure shows the average waste package
temperature with and without backfill in the NE
region (see Figure 3-20) for commercial spent
nuclear fuel, long-term average climate, mean infil-
tration, and base case hydrologic properties. The
bottom figure shows the corresponding waste
package degradation history. (CAM-corrosion
allowance material [outer layer of the waste
package], CRM-corrosion resistant material [inner
layer of the waste package])

packages. The degradation of corrosion-resistant
material (labeled CRM in the figure) is essentially
the same for the two cases because the primary
factor for degradation of the corrosion-resistant
material is whether dripping is occurring (the
model assumes the same dripping conditions for
both backfill and no backfill conditions). The
TSPA results for the two cases are similar because
the waste package degradation is similar, so those
results are not presented here.

The effect of backfill on seepage is uncertain and
additional testing is being conducted to better

Also, if the drift is backfilled, the effect of rockfall
on waste package failure is minimized.

4.5.2 Drip Shields

Performance assessment analyses have been
conducted to evaluate the effect of a drip shield on
waste package lifetime as well as on overall perfor-
mance. Several configurations for a drip shield
have been identified. However, only a single
representative drip shield is evaluated here. The
evaluated drip shield design was a 2-cm (0.8-in.)
thick sheet made of Alloy 22, the same material as
the inner barrier of the waste package. The drip
shield was assumed to be placed over the waste
package (waste package drip shield) and in the
model measured half the surface area of the waste
package (the failure of the sides of the drip shield is
not important to performance of the waste
package). The simulation assumed backfill
emplacement at 100 years. The drip shield
analyses do not include the potential effects of
galvanic coupling of Alloy 22 over the carbon
steel, although the design specifies a ceramic
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coating on the carbon steel that could reduce the
effect.

The degradation model for the drip shield assumed
that the drip shield upper surface was 100 percent
wet in dripping zones. The drip shield was
assumed to fail only from general corrosion (no
localized corrosion) because there is little potential
for crevices on the wetted surface, and there are no
significant oxidants (other than oxygen). Failure
from rockfall was not considered in these analyses,
but is not expected to contribute significantly to
drip shield degradation because of backfill
protection. Likewise, crevice corrosion between
backfill and drip shield is not expected because
temperature and oxidant availability would not be
sufficient to initiate crevice corrosion of Alloy 22.
The drip shield-corrosion rate was assumed to be
the same as the benign conditions for Alloy 22
corrosion (moderately acidic pH 3 and moderately
oxidizing, see Section 3.4). Although crevices
could form between the drip shield and the
corrosion-allowance material underneath the drip
shield, they were assumed not to form because of
the lack of chloride ions required for crevice
corrosion (Fontana and Greene 1978, Chapter 3).
Potential galvanic coupling between the drip shield
and the corrosion-allowance material could reduce
the general corrosion rate of the drip shield, but
was not considered. The design specifies a
ceramic coating on the carbon steel to reduce this
potential effect. The waste package was assumed
to undergo only humid-air corrosion during the
time when the waste package drip shield was
functioning. After failure of the waste package
drip shield, water was assumed to drip on 10
percent of the waste package surface area because
only a small area of the drip shield fails in the
model, and only a fraction of the waste package
surface area directly under the patch opening in the
drip shield will get wet. Very few drip shield
patches fail, so 10 percent wetting of waste
package surface is conservative. This percentage
is in contrast with the base case in that water is
assumed to drip on 100 percent of the waste
package surface area.

The degradation of the waste package and drip
shield in dripping zones was evaluated. The results
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are presented in Figure 4-58 in a comparison with
waste package failure for the base case.

The corrosion of the outer barrier of the waste
package (corrosion-allowance material) proceeds
at the same rate as the base case even though a drip
shield was added. Humid-air corrosion of the outer
barrier is unabated by elimination of water
dripping onto the waste package. However, the
drip shield does cause significant delay in inner-
barrier corrosion. The drip shield is expected to be
in a more benign environment than some portions
of the waste package (because of lack of contact
with the corrosion-allowance material), thus its
failure is later than the corrosion-resistant material
in the case with backfill. Deferring dripping until
after drip shield failure significantly extends the
lifetime of the waste package. The drip shield
enhances the overall waste package lifetime by
greater than 100,000 years. The effect on dose
from the addition of the drip shield is illustrated in
Figure 4-59. Doses are reduced from base case
amounts by greater than an order of magnitude for
the first 300,000 years of the simulation. However,
once a significant number of the waste packages
fail after the drip shield fails, the doses approach
base case amounts; at about 500,000 years the
doses become identical to those from the base case.
This analysis indicates that the life span of the drip
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Figure 4-58. Effect of Dripshield on Waste Package
Degradation
The drip shield fails after the no-drip shield waste
package because of the less aggressive corrosion
conditions on the drip shield in comparison with the
waste package. This effect leads to significantly
later failure of the waste package associated with
the drip shield than in the base case.
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Figure 4-59. Effect of Dripshield on Dose Rate at
20 km (12 miles)
The drip shield substantially improves performance
at early times up to 300,000 years because of later
waste package failure than in the base case.

shield is the key determinant in providing
improved performance. After the drip shield fails,
the dose from the repository gradually returns to
the dose simulated with non-drip shield conditions.

4.5.3 Ceramic Coating of the Disposal
Container with Backfill

A third design enhancement specifies a coating of
ceramic material on the waste packages, with the
expectation that this coating will delay corrosion of
the outer barrier for some period. The design
includes backfill on top of the waste packages to
prevent damage to the coating by rockfall, so
thermal-hydrologic parameters from the backfill
case are important in these analyses. The prelim-
inary model for ceramic coating degradation was
provided by the repository-design organization.
This model was implemented in WAPDEQ a
computer program for modeling various designs,
waste package materials, and degradation mecha-
nisms (see Section 3.4). The ceramic degradation
model is based on a process by which the oxygen
transport rate through water-filled pores in the
ceramic coating on the carbon steel substrate is
retarded. Because the corrosion rate for the carbon
steel substrate is proportional to the rate at which
oxygen is supplied to the substrate, ceramic
coating performance as an oxygen transport barrier
is expressed as the substrate-corrosion-rate
reduction factor. The factor is expressed with a
distribution to represent the uncertainty. The

ceramic coating may have very low connected
porosity, that may provide additional protection to
the waste package (Outer Barrier Corrosion Model
with Ceramic Coating. Interoffice Correspon-
dence. V. Pasupathi to J. H. Lee, LV.WP.VP.05/98-
102, May 24. Transmitted via QAP 3-12 on May
26 by D. Stahl).

Degradation of the ceramic coating was evaluated
for two cases. In the first case, degradation of the
ceramic coating was evaluated under humid-air
conditions that were assumed to be effective for the
first 1,000 years of the analysis. The first evalu-
ation was only for 1,000 years and no failures
occurred over this period. The relative humidity is
low for the first 1,000 years, so the ceramic pores
are assumed to not be filled with water. In the
second case, degradation of the ceramic coating
was evaluated for continual aqueous or dripping
conditions. The failure of the ceramic coating for
only the second condition is illustrated in
Figure 4-60, since the first provides no failure over
the period of interest. For humid-air conditions,
the ceramic coating is not breached in the period of
interest, the first 1,000 years of the simulation,
after which aqueous conditions are assumed. For
the aqueous conditions, the breach of the ceramic
coating does not begin until after 300,000 years.
After 1 million years, there is less than a 6 percent
failure of the ceramic coating on the waste
packages with dripping. For the preliminary
ceramic coating model, there are few waste
package failures under 1 million years. The
ceramic model requires additional data and justifi-
cation because it is in the early stages of devel-
opment. The dose rate plot for the ceramic case is
also presented in Figure 4-60 in comparison with
the base case. The dose for the ceramic case starts
much later and is reduced by over an order of
magnitude from the base case.

The preliminary ceramic coating model that was
used in the current analysis to evaluate the impact
of the ceramic coating design option on the long-
term waste package performance was developed
based on the assumption that stress developed by
the volume expansion of the corrosion products of
the CAM substrate is the only mechanism leading
to the coating failure. The analysis assumed two
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Figure 4-60. Effect of Waste Package Ceramic
Coating on Waste Package Degradation
Use of ceramic corrosion factors for humid air and
for aqueous conditions leads to a very small number
of waste packages with ceramic coating failure. The
humid-air corrosion factor was only applied for 1,000
years, so there were no waste packages failing in
humid-air conditions. Waste packages affected by
aqueous corrosion on the ceramic coating did not
begin to fail until after 300,000 years, and only a few
percent had failed ceramic coating by 1 million
years.

percent interconnected porosity in the coating. As
discussed previously, the sensitivity analysis
results showed that the ceramic coating itself could
last more than 300,000 years if the interconnected
pores in the ceramic coating are filled with water,
which provides a barrier to the oxygen transport to
the corroding carbon steel substrate.

However, in the current analysis, the effect of other
potential mechanisms that could cause damage to
the proposed thin ceramic coating on the waste
package have not been analyzed. Defects and
flaws in the coating could be introduced from the
fabrication process (application of the coating on
the waste package). Differential thermal expansion
between the ceramic-coating material and the
waste package metal-barrier substrate could poten-
tially cause cracks in the coating. Because of the
extremely long time periods considered in the
geologic repository, dissolution of the ceramic
materials over such long-term periods (especially
under locally perturbed acidic or alkaline condi-
tions on the waste package) and its effect on the
integrity of the coating need to be considered. In
addition, damage to the coating could be caused by
improper handling and transport of the ceramic-
coated waste package), impact by a sufficiently
large rockfall, and ground motion by earthquakes.
A complete analysis of the effects of these
processes should be conducted before potential
benefits of the ceramic coating can be substan-
tiated.
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5. SENSITIVITY ANALYSES FOR
COMPONENTS

The individual process model components of
TSPA-VA are described in Section 3 of this
volume. The construction of Section 5 of this
volume parallels that of Section 3. In Section 5,

JI the TSPA-VA is again discussed based on its
component parts to assess the sensitivity of the
results to changes in the various parameters used to
construct the model of that component. An
important task for the TSPA is performing the
uncertainty and sensitivity analyses. They are one
means of showing which parameters in the analysis
have the most influence on repository system
performance.

In general, the sensitivity analyses do not show, in
an absolute sense, which parameters in the analysis
are most important to performance. Instead, they
show the parameters in which uncertainty most
affects the results. Therefore, by holding a
parameter constant in a comparative calculation,
the relative reduction in uncertainty is obtained. In
some cases, if future studies could reduce the range
in uncertainty, the parameter might no longer
appear as a parameter to which performance is
highly sensitive. Conversely, if a parameter or
component is assigned an inappropriately low
uncertainty range, it might not show up as a partic-
ularly important parameter. Uncertainty analyses
must be performed with care and implemented in
many different configurations. This process allows
analysts to gain the necessary understanding about
which parameters are most important to actual
repository performance. It can also provide DOE
with an indication of which parameters might
warrant additional study to achieve the confidence
necessary for an adequate licensing argument.

5.1 UNSATURATED ZONE FLOW

5.1.1 Sensitivity to Climate

Three sensitivity studies were conducted to look at
the effects of base case assumptions about climate.
The sensitivity studies address timing and duration
of climate conditions; assumptions about more
extreme climate magnitudes or the sufficiency of
using only three discrete climate states are not

addressed. Climate magnitude is not considered,
because the range of uncertainty in net infiltration
(from one-third to three times the base value) is
intended to cover the range of natural variability.

The first sensitivity study examines the duration of
each climate state. In the base case, the long-term-
average climate lasts about 90,000 years, the dry
climate lasts about 10,000 years, and the super-
pluvial climate lasts about 10,000 years. There is
some information in the paleoclimate record about
how long the Great Basin pluvial lakes were
present and how deep they were. This and other
information indicates that both the dry and super-
pluvial climates lasted longer, perhaps as long as
50,000 years. Therefore, the expected-value base
case is compared with a case having 50,000-year
climate durations for all three climates but which is
otherwise identical to the expected-value base
case.

The comparison is shown in Figure 5-1. This
figure shows that differences are relatively insig-
nificant between the two cases, suggesting that
climate duration, at least at the scale of thousands
of years, is not important. There is a slight
difference, generally less than a factor of two, in
the magnitude of the peaks. The peaks mark the
transition from one climate to another and
primarily represent the effect of abrupt changes in
water table elevation and saturated zone ground-
water flux. The superpluvials do not occur at the
same time in both cases, so the major peaks in dose
rate do not occur at the same time.

The second sensitivity study examines the effect of
the base case assumption of an instantaneous
transition from one climate state to the next. In this
sensitivity study, three calculations were
performed, identical to the expected-value base
case, except that climate was held constant in each.
Therefore, one calculation used a dry climate for
the entire 1 million years; one, a long-term-average
climate; and one, a superpluvial climate. The
results are shown in Figure 5-2. The figure shows
that the base case and the case using only the long-
term-average climate are virtually identical. The
only difference is that the case using the long-term-
average only does not show fluctuations in the
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Figure 5-1. Comparison of the Expected Value
Base Case with a Sensitivity Case in Which all
Climate Durations are 50,000 Years
The differences in total dose rate are relatively
insignificant when climate durations are adjusted by
thousands of years.

Figure 5-2. Comparison of the Total Dose Rate for
Expected-Value Base Case with Three Sensitivity
Cases in Which There are no Climate Changes
The indicated climate state is in effect for the full time
period.
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magnitude of the dose rate associated with the
times of climate changes in the base case.

Figure 5-2 also shows something unexpected. For
a 1-million-year period, peak dose rate varies little
because of the climate type. The time of the peak
dose rate changes in response to the wetter repos-
itory conditions associated with wetter climates.
However, the additional water that comes with
wetter climates tends to compensate for the
additional releases of radionuclides by creating
additional dilution. The time of the peak dose rate
for the dry climate is about 700,000 years; for the
long-term average, it is 250,000 years; for the
superpluvial, it is 150,000 years. Therefore, the
time of peak dose rate is affected by climate, but
the magnitude of the peak dose rate is not particu-
larly sensitive to the magnitude of the climate.
Indeed, radionuclide decay might be responsible, at
least in part, for making the dry-climate peak lower
than the other two.

.0

(do 100. ,..........,,,

o
2L t1000,000-year period

E 10-1 \
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o -- Uncorrelated climate amplitudes[
E 10-2 i
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Figure 5-3. Comparison of the Base Case Peak-
Dose-Rate Distribution with a Sensitivity Case in
Which Infiltration and Climate are Uncorrelated
For example, an Infiltration divided by 3" dry climate
could be followed by an "infiltration multiplied by 3"
long-term average climate.

5.1.2 Sensitivity to Infiltration

The third sensitivity study investigates the
assumption in the base case that climate magni-
tudes are correlated over time. In the base case,
when a high infiltration (i.e., base infiltration times
three) is selected for a given realization, all the
future climates have infiltrations that are times
three, including commensurately high seepage
rates. For the third sensitivity study, climate
magnitudes were uncorrelated and 100 realizations
were simulated. The results are presented as a
distribution of peak dose rate in Figure 5-3.
Variable climate magnitudes produce higher peak
dose rates than more uniform magnitudes. It might
seem reasonable that, with variable climate magni-
tudes, there is a greater chance of getting more
extreme climates in any given realization.
However, the sensitivity studies show that climate
magnitude is relatively unimportant, and the transi-
tions between climates are important for peak dose
rate. Variable climate magnitudes create instances
when the change from one climate to the next is
even greater than in the base case, and the contrast
creates the greater dose rate.

One sensitivity analysis was performed to examine
further the effect of the uncertainty in infiltration.
In the unsaturated zone flow model expert elici-
tation (CRWMS M&O 1997n), some experts
favored relatively high net infiltration values for
Yucca Mountain, so the effect of higher infiltration
is particularly of interest.

Performing additional simulations with the infil-
tration model and the mountain-scale unsaturated
zone flow model is very difficult, but changing the
probabilities associated with the existing simula-
tions (within a probabilistic TSPA simulation) is
relatively easy. Therefore, the effect of infiltration
uncertainty was investigated further by changing
the probabilities of the three infiltration cases
("base infiltration," "base infiltration divided by
3," and "base infiltration multiplied by 3"). In the
base case, the probabilities are skewed to lower
infiltrations, so that "infiltration divided by 3" has
a 30 percent probability while "infiltration multi-
plied by 3" has a 10 percent probability.- For this
sensitivity analysis, the probabilities are reversed
so that they are skewed to higher infiltrations:
"infiltration divided by 3" is given a 10 percent
probability and "infiltration multiplied by 3" is
given a 30 percent probability. This change
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increases the mean infiltration by approximately
50 percent. In the base case, the mean net infil-
tration averaged over the repository area is a little
under 8 mm/year; in this sensitivity analysis the
mean net infiltration is about 11 mm/year.

The distribution of peak dose rates over a 100,000-
year period for this sensitivity case is compared
with the base case distribution in Figure 5-4. There
is surprisingly little difference in the two curves,
with the base case being higher part of the time and
the higher-infiltration case being higher part of the
time. The means of the two distributions are nearly
the same, both of them about 30 mrem/year. Other
factors, such as seepage and waste package
corrosion uncertainties, dominate both of these
distributions.

5.1.3 Sensitivity to Mountain-Scale Unsat-
urated Zone Flow

As discussed in Section 3.1.2.3, the base case
includes five calibrated, mountain-scale flow fields
to account for uncertainty in net infiltration and
hydrologic properties, plus the same cases calcu-
lated for projected future climates. Figure 5-5
shows a comparison of dose rates calculated for the
five base case flow fields, with all other parameters
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Figure 5-4. Comparison of the Base Case Dose
Rate Results with a Sensitivity Case Involving Infil-
tration
Comparison of the base case peak-dose rate distri-
bution with a sensitivity case in which infiltration
probabilities are changed so that the mean infil-
tration is 50 percent higher.

Figure 5-5. Total Dose Rate History Curves for the
Five Base Case Flow Fields, with all Other Param-
eters Set to Their Expected Values
The middle curve is the expected value base case.
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kept the same at their expected values. The infil-
tration varies from one-third of the base infiltration
("I . 3") to three times the base infiltration ("I x
3"). The fracture air-entry parameter af (propor-
tional to fracture aperture) varies over a range that
is different for each hydrogeologic unit, but
typically the range from minimum to maximum is
one to one and one-half orders of magnitude. See
CRWMS M&O (1998i, Sec. 2.4.3.2.2) for more
detail. The curve marked "I, nominal ay' is the
expected-value base case.

Figure 5-5 shows a fairly large effect on dose rate
from the variation in infiltration but very little
effect from the variation in fracture air-entry
parameter. These observations are consistent with
those made for the effects on unsaturated zone
groundwater travel time (Figure 3-11). However,
most of the effect on dose rate from varying the
infiltration is because of the corresponding change
in the amount of seepage and not because of
changes in transport times. One surprising aspect
of the high-infiltration dose-rate histories is that,
after an initial peak, the dose rate drops to a very
low rate from approximately 7,000 to 20,000 years
and is below the base-infiltration dose rate until
about 35,000 years. This sharp drop occurs
because temperatures are lower for higher net infil-
trations (see Section 3.2.3), leading to lower
corrosion rates and later onset of waste package
failures because of corrosion (see Section 3.4).
The initial peak in the high-infiltration dose rate at
about 5,000 years is caused by releases from a
juvenile-failure waste package; corrosion failures
do not start contributing until after 20,000 years.
The mean and low infiltration cases also have early
releases from a juvenile-failure waste package, but
releases from corrosion-failed waste packages
follow soon thereafter (see Section 3.4).

Figure 5-6 shows a comparison of dose-rate
histories for the expected-value base case and for a
sensitivity case; the calculations are the same
except that the base-infiltration flow field from the
dual-permeability/Weeps model was used. Note
that, for this set of calculations, the base case
thermal-hydrology and waste package degradation
results were used for the dual-permeability/Weeps
runs in order to show the effect of the difference in
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Figure 5-6. Comparison of the Total Dose Rate for
Expected-Value Base Case with a Sensitivity Case
that Used the Dual-Permeability/Weeps Flow Model
Rather than the Base Case Flow Model
The two are nearly identical except that the dual-
permeability/Weeps results show an earlier initial
breakthrough.
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mountain-scale flow only. Dual-permeability/
Weeps results including more consistent thermal-
hydrology and waste package degradation are
given in Section 5.2. The dose-rate histories for
the two cases in Figure 5-6 are nearly the same
except for an earlier breakthrough and slightly
higher early peak for the dual-permeability/Weeps
case, both caused by the greater amount of fast
fracture flow in the dual-permeability/Weeps
model (see Figure 3-12).

A probabilistic comparison was also made between
the base case flow model and the dual-perme-
ability/Weeps flow model. Figure 5-7 shows the
distributions of peak dose rate over 100,000 years.
The two distributions are very similar except in the
low-probability tail. About 3 to 4 percent of the
time, the peak dose rates from the dual-perme-
ability/Weeps model are significantly higher than
the base case (about a factor of three higher). This
increase in the lower part of the curve can be traced
to transport of colloidal plutonium. Because of the
greater prevalence of fast fracture flow in the dual-
permeability/Weeps model, more of the colloids
are able to travel through the system quickly to the
biosphere for those realizations that have very
mobile plutonium colloids. This happens a small

percentage of the time with the base case assump-
tions (see Section 4.3.1.1).

5.1.4 Sensitivity to Seepage into Drifts

The sensitivity of individual dose rate at 20 km
(12 miles) from the repository to seepage into
drifts is illustrated in Figure 5-8, which shows
dose-rate time histories for three discrete cases: the
expected-value base case plus runs in which
seepage fraction (fraction of waste packages
contacted by seeps) and seep flow rate are assigned
values at the fifth and ninety-fifth percentiles of
their probability distributions (see Figure 3-13),
with all other parameters being held fixed at their
expected values. The effect is strongest on the low
end, with the fifth-percentile case having no waste
package failures except for a single juvenile failure
until after 700,000 years. The lack of waste
package failures is a direct result of the very low
seepage fraction-so low that no waste packages
are wetted by seepage in the fifth-percentile case.
Because the juvenile failure dominates radionu-
clide releases for the first 10,000 years, and
juvenile-failure waste packages are always
assumed to be contacted by seeps, the dose results
are fairly similar for all three cases for the 10,000-
year period (Figure 5-8, top), but for the 100,000-
year and 1-million-year periods the dose results are
quite different for the fifth-percentile case because
of the lack of corrosion failures.
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Figure 5-7. Comparison of the Base Case
Dose-Rate Distribution with a Sensitivity C
Which Dual-Permeability/Weeps Flow Fielc
Used Instead of Base Case Flow Fields
About 3 to 4 percent of the time, the peak dosi
from the dual-permeability/weeps model are
cantly higher than the base case because of
transport of colloidal plutonium.

Because of the importance of seepage to the final
results and the large uncertainty in the seepage
model, several probabilistic sensitivity analyses
were performed for seepage. Similar to the

X. - situation with infiltration and mountain-scale
unsaturated zone flow, the process-model computa-

D3 104 tions on which the TSPA-VA seepage model is
based are very time consuming. However, the

FV3051-7 probabilities assigned to the various process-model
cases can easily be modified to explore the impact

Peak- on the final dose results.
ase in
is are The results of two kinds of modifications to the

e rates seepage-model inputs are presented here. One is to
signifi- narrow the fracture-property distributions (i.e.,
faster assume that the fracture properties have less uncer-

tainty than in the base case) and the other is to
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skew the distributions toward higher or lower
fracture apertures.

As discussed in Section 3.1.2.4, three values of
mean fracture permeability (kf) and three values of
fracture air-entry parameter (OXf) were used in the
drift-scale flow simulations that were performed to
calculate the amount of seepage into emplacement
drifts. The base case probabilities for both param-
eters were assigned as (0.25, 0.5, 0.25); that is, the
lowest value was weighted 25 percent, the middle
value 50 percent, and the highest value 25 percent.
The middle value is the preferred value, based on
the available data, and the low and high values
were chosen to span a reasonable range based on
the variability in the data. For the first sensitivity
analysis, the probabilities of the outlying values
were cut in half, giving probabilities of (0.125,
0.75, 0.125). These probabilities emphasize the
best-estimate parameter values considerably more.
They are also reasonable, given what is known
about fracture properties. Taking fracture perme-
ability as an example, the base case probabilities
imply a log standard deviation (i.e., the standard
deviation of the logarithm of permeability) of 0.7,
while the narrower distribution implies a log
standard deviation of 0.5. These standard devia-
tions are near the low and high ends of the
observed range for air permeability measurements
in the repository host rock (see Table 7.11 of
Bodvarsson et al. 1997).

This modified set of probabilities was applied to
the process-model results to generate new seepage
distributions, and then calculations were rerun with
the modified seepage distributions. The results are
shown in terms of dose-rate history for the mean
parameter values in Figure 5-9 and in terms of
distribution of peak dose rates in Figure 5-10. This
first sensitivity case is shown as the curves labeled
"Narrower variance on fractures" in the figures.
The results are not very different from the base
case results, although the peak dose rates tend to be
slightly smaller.

The other two curves shown in Figures 5-9 and
5-10 are for sensitivity cases with modified proba-
bilities that represent systematically smaller or
larger fractures. These cases could approximate
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Figure 5-8. Total Dose Rate History Curves with
Seepage Influence
Dose-rate history curves for the expected-value base
case and cases that have seepage fraction and seep
flow rate at the 5th and 95th percentiles of their base
case distributions.
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Figure 5-10. Comparison of Base Case Peak Dose
Rate with Sensitivity Cases Involving Fracture
Aperture
Comparison of the base case peak-dose-rate distri-
bution with three sensitivity cases in which the
probabilities of the fracture property inputs to the
seepage model are modified.

the possibility of smaller or larger fracture
apertures caused by thermal-hydrologic-chemical
or thermal-hydrologic-mechanical processes.
Smaller fracture apertures imply both lower kf and

lower xf, because xf is proportional to the effective
fracture aperture and kf is proportional to the cube
of fracture aperture. Therefore, to simulate smaller
fracture apertures, the probabilities for the
parameter values were shifted to smaller values,
giving (0.67, 0.33, 0) as the low, middle, and high
parameter values. Similarly, to simulate larger
fracture apertures the probabilities were changed to
(0, 0.33, and 0.67). Time-history curves for the
mean parameter values are shown in Figure 5-9
and the distributions of peak dose rate are shown in
Figure 5-10. For smaller fracture apertures, the
peak dose rates are somewhat higher, and for larger
fracture apertures, the peak dose rates are
somewhat lower. Basically, the probability shift to
smaller apertures causes more seepage, and the
shift to larger apertures causes less seepage. The
differences in seepage are then reflected in the final
dose results. None of these seepage sensitivity
cases causes greatly different dose rates; the one
that has the most effect is the increased-fracture-
aperture case, which has peak dose rates lower than
the base case by a factor of about 3 to 10 for the
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Figure 5-9. Dose Rate History Curves for Three
Sensitivity Cases
Total dose-rate history curves for the expected-
value base case and for three sensitivity cases in
which the probabilities of the fracture-property
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100,000-year period, and somewhat less for the
other two time periods.

5.2 THERMAL HYDROLOGY

The most important thermal hydrology issues are
related to hydrologic parameters and fracture-
matrix interaction and to repository design,
including backfill, thermal load, and waste package
spacing. Some variations in repository design
were considered in this TSPA, including
emplacement of backfill 100 years after
emplacement of waste. Analyses of alternative
designs are discussed in Section 4.5. Issues related
to hydrologic parameters and fracture-matrix inter-
action are discussed in Section 5.1 on unsaturated
zone flow. In most cases, the thermal-hydrologic
implications of hydrologic issues such as climate
change, infiltration uncertainty, hydrologic-
property uncertainty, and alternative flow models
were included. These issues are incorporated in
the sensitivity analyses in Section 5.1, particularly
in Section 5.1.3, where lower temperatures related
to high infiltration rates are shown to have a strong
effect on doses for approximately the first 20,000
years. One exception is the sensitivity to alter-
native conceptual models of mountain-scale unsat-
urated zone flow, exemplified by the dual-perme-
ability/Weeps model. The results shown in
Figures 5-6 and 5-7 were obtained using base case
thermal hydrology rather than incorporating
thermal-hydrology results calculated using the
dual-permeability/Weeps model. Figure 5-11
shows results of a more consistent set of calcula-
tions, in which the dual-permeability/Weeps
model was used for the thermal-hydrology calcula-
tions as well as for the mountain-scale flow calcu-
lations. In addition to the earlier breakthrough
noted in Figure 5-6, the dual-permeability/Weeps
dose rate in Figure 5-11 remains a little bit higher
than the base case dose rate for approximately the
first 250,000 years. The higher dose rate results
from a slightly higher rate of waste package
failures at early times, caused by small differences
in temperatures and relative humidities.

Figure 5-11 also shows two sets of curves for the
"thermal-hydrologic" property set that was
mentioned in Section 3.2.3. The curves labeled

Base case
1 03 -_ Dual-permeability/Weeps
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Figure 5-11. Total Dose Rate History Curves for the
Expected-Value Base Case and for Three Sensitivity
Cases in Which Different Hydrologic Properties
Were Used
The greatest difference is for the case in which the
"thermal-hydrologic" property set was used and
temperature and relative humidity for Region SW
(see Figure 3-20) were applied to the entire repos-
itory.
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"NE" use the thermal-hydrologic results for
Region NE for the entire repository, which was the
approximation used for the base case (see
Section 4.1.4), while the curves labeled "SW" use
the thermal-hydrologic results for Region SW for
the entire repository. For the base case, the results
for Regions NE and SW are nearly the same, but
for the thermal-hydrologic property set results for
Region SW are significantly different for about the
first 20,000 years. The difference is a result of
significantly different matrix hydrologic properties
for Region SW in the thermal-hydrologic property
set (CRWMS M&O 1998i, Section 3.6.2). It is
important to note that the large difference shown in
Figure 5-11 exaggerates the actual effect, because
of using the Region SW results for the entire repos-
itory. Region SW is actually rather small (see
Figure 3-20), and the results for the rest of the
repository are more like Region NE than Region
SW.

Other potentially important issues-thermal-
hydrologic-chemical and thermal-hydrologic-
mechanical processes and effects-have largely
been neglected. Some subsystem-level analyses of
these effects are discussed in Section 3.2.1 of this
volume, and in Section 3.6.8 of CRWMS M&O
(1998i). At the system level, the effects of
decreasing or increasing fracture apertures because
of thermal-hydrologic-chemical or thermal-hydro-
logic-mechanical processes were evaluated
approximately by modifying the seepage-model
input parameters (see Section 5.1.4). The change
in calculated peak doses was relatively modest, but
these aperture changes do not necessarily represent
the full range of possibilities.

5.3 NEAR-FIELD GEOCHEMICAL
ENVIRONMENT

The models and results for the near-field
geochemical environment component are
discussed in Section 3.3. Analyses for the TSPA-
VA base case used a water composition that repre-
sents the incoming, thermally perturbed fluid that
reacted with corrosion products (iron oxides).
Changes to the composition of this water as it
reacts with freshly exposed spent nuclear fuel and
subsequent alteration products were also evaluated

in Section 3.3 and those analyses were used as part
of the conceptual representation of secondary-
phase evolution for the waste form (see
Sections 3.5 and 5.5). Because concrete is a major
component of the repository design, near-field
geochemical analyses were also performed to
simulate the reaction of concrete and water. These
analyses and results (Section 3.3), although not
part of the base case, are used for some of the
sensitivity studies in this section. These sensitivity
studies evaluate the effect of concrete on both the
total system performance and the engineered
barrier system performance. Near-field
geochemical analyses were also used to develop
the conceptual scenarios for sensitivity studies of
other component models. The conceptual linkage
between the near-field geochemical environment
and the sensitivity studies for other TSPA compo-
nents are discussed below, but the results of those
analyses are provided in other sections as indicated
below.

5.3.1 Sensitivity of Water Composition to
Spent Fuel Alteration

For periods in which water composition is
dominated by spent nuclear fuel reactions, different
source-term constraints may be necessary than for
periods of unaltered water composition. Spent fuel
dissolution rates, radionuclide solubility limits, and
radionuclide transport (colloidal and aqueous)
should particularly reflect the altered solution
composition. The impacts on performance from
reaction with spent nuclear fuel depend on the
magnitude of the water composition changes and
the period over which the changes exist.

The near-field geochemical analyses showing the
effects of spent-fuel reaction on water composition
are presented in Section 3.3.3. Those results
indicate that the water composition will change the
most where most of the fuel is available for
reaction, with lesser effects if only a portion of the
fuel is exposed to the water. In addition,
maintaining such water composition changes
depends on active alteration of primary spent
nuclear fuel to secondary uranium phases. Once
the fuel is completely altered, the secondary-phase
evolution causes only minor changes to water
composition. The modeled period for completely
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altering the spent nuclear fuel once it is exposed is
about 1,000 years for the analyses discussed in
Section 3.3.3, but the calculated evolution of
secondary phases continues over hundreds of
thousands of years. These time differences
indicate that reaction of spent nuclear fuel with
water will produce either major changes to the
fluid composition for relatively short times or
minor effects over longer times. For the latter case,
the current representations should be sufficient to
bound the behavior of radionuclide release from
the waste form. For the former case, the analyses
could be improved by considering a short time
period when water composition is dominated by
releases from spent nuclear fuel followed by
evolution of secondary uranium phases over
geologic time.

Although changes to both solubility limits and
colloid stabilities have not yet been evaluated for
the geochemical conditions during the period of
active alteration, changing spent nuclear fuel disso-
lution rates are explicitly coupled to changing
water chemistry in the completed near-field
geochemical analyses. Because of the potential for
incorporating other actinides (for example,
neptunium) into the secondary uranium phases, the
primary focus of these sensitivity studies was the
long period of secondary-phase evolution. Also,
these secondary phases dissolve or alter at a much
lower rate than the primary spent nuclear fuel
(Section 3.5.3). The model incorporating
neptunium into secondary uranium minerals and
the resulting rates of release of uranium and
neptunium is presented in Section 3.5. The results
of sensitivity studies using secondary-phase
constraints on releases of both uranium and
neptunium over long time frames are shown in
Section 5.5.

5.3.2 Sensitivity to Concrete-Modified
(Alkaline) Water Compositions

This section provides a discussion of the effect of
concrete modified water on performance. The
components affected by the concrete-modified
water are described followed by performance
results for such a system.

5.3.2.1 Components Affected by Concrete-
Modified Water

The near-field geochemical analyses for the
composition of water reacting with concrete
support components in the emplacement drifts
indicate that water will have a pH near 11 for at
least 10,000 years but for much less than 100,000
years. This pH change represents a substantial
change to ambient water composition and may
affect the ability of the engineered barrier system
to contain radionuclides within the drift. This
would in turn change the source term for total
system performance analyses. In addition, higher
pH fluids migrating into the geosphere can react
with the host rock, potentially altering minerals
along flow paths and providing an aqueous
medium that enhances actinide transport in the
unsaturated zone. Both of these aspects of the
analysis were assessed with sensitivity studies. As
described in the following paragraphs, impacts on
the source term and the engineered barrier system
were explicitly addressed based on the changed
fluid composition. The impacts on transport
through the geosphere were evaluated through
simulations using conservative assumptions.

Source Term and Engineered Barrier System.
The effects of concrete-modified water on a
number of the components related to the source
term have been explicitly evaluated. The waste
package corrosion models (Section 3.4) include a
submodel for aqueous corrosion of the outer
barrier, specifically designed to address pH condi-
tions above 10. This submodel was used to
generate a set of waste package degradation
histories for concrete-modified water. These waste
package models and results are presented in
Sections 3.4 and 5.4. The waste form dissolution
models directly incorporate rates that depend on
pH and total dissolved carbonate (Section 3.5).
Changes to the ionic strength for concrete-
modified water were reflected in changes to colloid
amounts (Sections 3.3 and 3.5). These results are
provided directly to the TSPA integration model,
and impacts on performance were analyzed in a
sensitivity analysis based on the expected value
compositions for concrete-modified water. The
effects on the source term are presented in the
following paragraphs of this section. Additional
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discussion of these results that are related to
changes in waste package degradation is included
in Section 5.4.

Transport Through the Geosphere. The
migration of alkaline fluids into the unsaturated
zone may have a number of effects, depending on
the flow pathway and diffusion rates. Such fluids
can alter the siliceous host rock, both along
fracture pathways and in the matrix. The mineral-
ogical changes, the distance over which they may
occur, and the distribution of such alterations are
still very uncertain but could produce changes in
the amount of fracture-matrix interaction and the
sorption of radionuclides within the unsaturated
zone host rock (CRWMS M&O 1998i, Chapters 4
and 7). Because of the complex and uncertain
nature of this alteration, current process models do
not include any explicit representation of these
potential changes to minerals along radionuclide
migration pathways. In addition, the migration of a
high-pH (alkaline) plume through the unsaturated
zone would create aqueous pathways with little or
no actinide sorption capability (CRWMS M&O
1998i, Chapters 4 and 7). Also, this potential effect
has not been incorporated explicitly into process
models. Because of the likelihood that alkaline
fluids will be generated by water in contact with
concrete in the repository (Section 3.3.3), this
effect was included in sensitivity analyses. To
bound the consequences of this effect, the unsat-
urated zone sorption coefficients for actinides
(uranium, neptunium, plutonium, and protac-
tinium) were set to zero (Section 5.6). The changes
to dose rates specifically caused by impacts to
transport in the unsaturated zone, as well as the
changes caused by combining the impacts to the
source term with the transport impacts, are
presented in Section 5.6.

5.3.2.2 Effect on Dose Rate and Engineered
Barrier Release Rate

In this section, sensitivity analyses are presented
based on changes to the source term only (waste
package degradation and waste form degradation)
caused by concrete-modified water.

Release Rate from the Engineered Barrier
System. The expected value release rates from the

engineered barrier system for the total activity of
nine main radionuclides (carbon-14, selenium-79,
technetium-99, iodine- 129, protactinium-23 1,
uranium-234, neptunium-237, plutonium-239, and
plutonium-242) through 10,000 years are shown in
Figure 5-12. The rates for both the concrete-
modified water case and the base case are shown.
In Figure 5-12, the total activity release rate for the
concrete-modified water case is higher than that for
the base case for all times to 10,000 years. Early in
this period, the difference is about two to three
orders of magnitude but is only about 1.5 orders of
magnitude at 10,000 years. For the concrete-
modified water case, the peak total release rate
from the engineered barrier system is increased by
slightly more than three orders of magnitude over
that for the base case. These two peaks both occur
at about 5,200 years, reflecting the climate change
that is imposed at 5,000 years. These higher total
release rates from the engineered barrier system
primarily reflect a larger amount of exposed
inventory at earlier times caused by higher rates of
waste package degradation (see Section 5.4).

The differences between these two cases become
less extreme between 10,000 years and 100,000
years, as shown in Figure 5-12. The release rate in
the engineered barrier system for the concrete-
modified water case is a factor of two to six times
higher than for the base case after about 15,000
years. The individual radionuclide contributions to
the total activity release rate for the concrete-
modified water case over the three time frames are
shown in Figure 5-13. Technetium-99 is the major
component of this total activity release rate for the
entire time. At times less than about 15,000 years,
carbon-14 and iodine-129 were the next highest
contributors. At times greater than 30,000 years,
plutonium-239 and neptunium-237 were the
second and third largest contributors, respectively,
to the total activity release rate. The activity
release rates for these radionuclides increase in a
relatively uniform manner over the base case
results because of an increase in the inventory
available for release compared to the base case.

Dose Rate at the 20-km (12-mile) Boundary
(Accessible Environment). The increases in the
source term directly impact expected-value dose
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Figure 5-12. Comparison of Expected-Value Total
Release-Rate Histories from the Engineered Barrier
System for Concrete-Modified Water and the Base
Case
The release rates include the total activity of nine
radionuclides.

Figure 5-13. Expected-Value Time Histories for
Individual and Total Radionuclide Release Rates
from the Engineered Barrier System for the
Concrete-Modified Water Case
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rates at the 20-km (12-mile) boundary, which are
shown in Figure 5-14 for both the concrete-
modified water case and the base case over 10,000
years, 100,000 years, and 1 million years. The
orders-of-magnitude increases in activity release
rate for the engineered barrier system are repro-
duced in the orders-of-magnitude increases in
expected values of dose rate over 10,000 years.
Note that for the concrete-modified water case, the
peak value at about 6,100 years is slightly more
than three orders of magnitude higher than the
values for the base case at that time. One quali-
tative change that can be seen for the concrete-
modified water case in Figure 5-14 is that the peak
dose rate at about 6,100 years is the peak dose rate
over the first 100,000 years after repository
closure; this is not true for the base case results.
Figure 5-14 also shows that the expected value
dose rate histories for these two cases later
converge, similar to the source term behavior.

In the concrete-modified water case for the 10,000-
year time frame, technetium-99 is the major dose
contributor as well as the major contributor to
activity release rate from the engineered barrier
system. At times approaching 100,000 years,
plutonium-239 and neptunium-237 are the biggest
contributors to dose rate, even though technetium-
99 was still the largest contributor to the activity
release rate for the engineered barrier system.
Further discussion of the impacts on the engineered
barrier system and system performance as
evaluated in the sensitivity analyses for concrete-
modified water is given in Sections 5.4, 5.5, and
5.6.

5.4 WASTE PACKAGE DEGRADATION

The key uncertainties in the waste package degra-
dation analyses were identified in Sections 3.4
and 4. The results in Section 4 indicate that the
general corrosion rates for Alloy 22 under dripping
conditions are a key determinant of overall perfor-
mance. These corrosion rates are highly uncertain.
The corrosion rates provided by the experts have a
range of more than five orders of magnitude. This
is mostly caused by a lack of information on local
chemical and electrochemical conditions on
Alloy 22 and limited experience with the alloy.
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Figure 5-14. Comparison of Expected-Value Total
Dose-Rate Histories for the Concrete-Modified
Water Case and the Base Case
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Also, the effect of the emplacement environment
on waste package degradation has been identified
as very important, especially in terms of overall
performance of the potential repository. The
number of waste packages that will be exposed to
dripping water, the percentage of the waste
package surface that gets wet in the dripping zones,
and the chemistry of the drift seepage are also
uncertain factors in the analyses. The effects of
these uncertainties on repository performance are
evaluated in the following sensitivity cases. In
addition, the importance of juvenile failures on
system performance is evaluated. A final sensi-
tivity analysis is presented concerning the effect on
total dose of the corrosion patch size, which is the
area over which the corrosion model parameters
are relatively constant.

5.4.1 Sensitivity to UncertaintyNariability
Assumptions in Alloy 22 General
Corrosion Rates

There are limited data for the general corrosion rate
for Alloy 22. However, the corrosion rate over
long periods is highly uncertain due to limited
experience with the material and lack of infor-
mation on local exposure conditions on the inner
barrier. Panelists for the waste package degradation
expert elicitation (CRWMS M&O 1998b)
estimated the Alloy 22 general corrosion rate and
the allocation of the total variance to its variability
and uncertainty. The effect on dose of the
corrosion rate variability among waste packages
and patches and the corrosion rate uncertainty on
waste package failure was evaluated by splitting
the total variance into three different variability

! and uncertainty combinations: 75 percent
variability and 25 percent uncertainty, 50 percent
variability and 50 percent uncertainty, and
25 percent variability and 75 percent uncertainty.
For each variability and uncertainty split, the
median general corrosion rate was sampled from
the 5th, 50th, and 95th percentile of the uncertainty
variance respectively. This sampling scheme
creates a matrix of nine pairs of values for the
median general corrosion rate and the degree of
variability in the corrosion rates when spread over
corrosion patches on a given package and from
package to package.

The expected-value base case described in
Section 4.2 allocates a split of 50 percent
variability and 50 percent uncertainty of the total
variance, with the median general corrosion rate at
the 50th percentile of the uncertainty variance.
The results for the cases with different variability-
uncertainty splits and the median general corrosion
rate at the 50th percentile of the uncertainty
variance show a difference in the performance of
the waste package, with a large spread in the failure
times and rates (CRWMS M&O 1998i). The
results for the base case variability-uncertainty
split (50/50) with the median corrosion rate
sampled at the 5th, 50th, and 95th percentile from
the uncertainty variance show a considerable
difference in waste package failure rate, as
indicated in Figure 5-15. The failure curves in this
figure are shown only for the waste packages that
are dripped on. The impact of this range of
Alloy 22 general corrosion rate on the uncertainty
range of dose rate is demonstrated in Figure 5-16
for the TSPA-VA base case. These dose rate
histories further confirm the results shown in
Figure 4-34 that the Alloy 22 corrosion rate has
more impact on dose than most other TSPA-VA
model parameters, especially over the 10,000-year
and 100,000-year periods.
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Figure 5-15. Effect of Uncertainty in Alloy 22
Corrosion Rate on Package Failure Time
The effect on waste package degradation is shown
for the 5th, 50th and 95th percentile corrosion rates
for Alloy 22.
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5.4.2 Sensitivity to Environment (Drip
Versus No Drip Conditions)
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Waste package degradation is sensitive to the
impacts of water dripping onto the waste package,
as noted in Section 3.4. The general corrosion rate
of Alloy 22 is extremely low under moist condi-
tions (a thin water film on the surface, but no
flowing water), but the material may undergo a
more rapid, although still relatively slow, general
corrosion under dripping conditions. Figure 5-17
shows the difference in waste package degradation
for the two conditions in the base case. The first
penetration of the waste packages in the dripping
zone occurs several hundred thousand years before
penetration of the waste packages that are not
dripped on. Only a small fraction of the waste
packages in the nondripping portion of the repos-
itory are penetrated over 1 million years, while the
simulation indicates nearly 100 percent of the
waste packages in the dripping zone develop at
least one penetration.

5.4.3 Sensitivity to Percent of Waste Package
Surface Wetted Under Dripping Condi-
tions
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Figure 5-16. Effect of Uncertainty in Alloy 22
Corrosion Rate on Total Dose Rate
Results are shown for the 5th, 50th, and 95th
percentile corrosion rates for Alloy 22 for the base
case uncertainty distribution.

Figure 5-17. Effect of Dripping Conditions on Waste
Package Failure for the Base Case
Waste packages in dripping conditions fail more
rapidly than those in nondripping zones.
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variety of different alternative models might be
imagined for the percentage of waste package
surface area that is wet as a function of time and
location. To determine the sensitivity of perfor-
mance to the wetted surface area, three different
models have been examined. These three cases
represent a combination of two main factors:
percent of waste package area corroded and
percent of drift seepage that enters the package
through the corroded area and subsequently
interacts with all the exposed (i.e., non-clad) fuel:

1. TSPA-VA base case. In this case
100 percent of the surface area of a
dripped-on package is assumed to be
dripped upon and to corrode under
dripping conditions for all time. The flux
of dripping water that is allowed to flow
through the waste package is set equal to
the flux of water seeping into a drift multi-
plied by the combined patch-pit area
divided by the total waste package surface
area. This seeping water flowing through
the package is assumed to interact with all
the exposed waste in the package (i.e., all
waste that is either unclad or whose
cladding has failed). The conceptual
scenario most suited for this model is one
where a spatially focused seep moves back
and forth across the package on a rather
short time scale such that it contacts the
entire package area (at least the top half of
the package) within this short time span,
say, within 100 years, which is the
numerical timestep size for the total system
model. As the seep moves, sometimes it
will encounter a fully corroded patch or pit
and is able to flow through the package and
sometimes it will encounter a still-intact
area of the package surface and be unable
to enter. (This model is mathematically
equivalent to assuming that the seep is
spread uniformly across the entire package
area at all times, such that the flux of water
able to enter the package is proportional to
the fully corroded area.)

2. Ten-percent-wet model. In this case it is
assumed that only 10 percent of the waste
package surface area ever corrodes under

dripping conditions throughout time.
Further, the fraction of drift-seepage water
that can enter the package and interact with
all the non-clad waste is equal to the
combined patch-pit area divided by one-
tenth of the total package surface area. The
conceptual model corresponding to this
case is that a seep does not move with time
and has a high enough flux that it splashes
over 10 percent of the package area. Then
the fraction of drift seepage able to enter
the package is limited by the corroded area.
Equivalently, it could be a narrow focussed
seep that only moves back and forth across
10 percent of the surface area, sometimes
encountering a fully corroded patch and
sometimes not. (The scenario where the
flux entering the package is not scaled by
the corroded area but is equal to the entire
drift seepage is discussed in Section 5.5.)

3. One-percent-wet-model. In this case it is
assumed that only I percent of the waste
package surface area ever corrodes under
dripping conditions throughout time. This
would be the conceptual scenario of an
even more spatially concentrated seep that
does not move with time. Furthermore,
although the fraction of drift seepage water
entering the package is again scaled by the
combined patch-pit area (specifically,
equal to this patch-pit area divided by one-
hundredth of the total waste package
surface area), the scaling for this scenario
results in almost all the drift seepage
entering the package. Specifically, one
patch has an area approximately equal to 1/
1,000 of the total package area. Dividing
this by the 1/100 of the package area
exposed to dripping yields a factor of 0.1,
which would mean that one-tenth of the
drift seepage enters the package and reacts
with all the non-clad fuel. However, for
the expected-value base case realization,
the seepage collection factor mentioned in
Section 4.3.2.2 is equal to 5.5, which when
multiplied by the 0.1 yields 0.55. This
means that about one-half of the drift
seepage flows through the waste package
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in this case. (Note that the collection factor
is applied in all three of the above cases.)

Figure 5-18 shows the waste package failure
curves for the above three scenarios. Generally,
fewer waste packages fail, and waste packages fail
later when a smaller percentage of the waste
package surface is assumed to get wet. Figure 5-19
shows the effect on dose rate for these three
dripping scenarios. The effect is generally small at
all three time scales and seems to be an
unimportant uncertainty as far as total system
performance is concerned.

E
2D
E

(rIrz
a)(n
0
0

104 -

102 -

101 -

100 -

10'1

10-2 -

10-3

0 2,000 4,000 6,000

Time (years)
8,000 10,000

5.4.4 Sensitivity to High-pH (Concrete-
Modified) Seepage Water

The base case does not include the effect of
seepage water interacting with the concrete drift
lining, because the assumption in the base case is
that the drift lining collapses very early in the
simulation. The simulations of geochemical condi-
tions reported in Section 3.3 indicate that seepage
water may have a high pH (>10) for some time,
because the seepage water interacts with the
concrete drift lining. The sensitivity of waste
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Figure 5-18. Waste Package Degradation Curves
for Different Percentages (Alternative Models) of
Wetted Surface Area
a) 100 percent of surface area corrodes under
dripping conditions (base case), b) 10 percent of
surface area corrodes under dripping conditions,
and (c) 1 percent of surface area corrodes under
dripping conditions. (WP-waste package)
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Figure 5-19. Total Dose Rate Histories for Different
Percentages (Alternative Models) of Wetted Waste
Package Surface Area
a) 100 percent of surface area corrodes under
dripping conditions (base case), (b) 10 percent of
surface area corrodes under dripping conditions,
and (c) 1 percent of surface area corrodes under
dripping conditions. For all of these models the
fraction of drift seepage entering the package is
proportional to the fully corroded surface area
divided by the fraction of the area that is wetted (i.e.,
either 1.0, 0.1, or 0.01) times the seepage collection
factor.
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package degradation to elevated pH of incoming
water is shown in Figure 5-20. As discussed in
Section 3.4, while the seepage water pH > 10, the
carbon-steel outer barrier undergoes high-aspect
ratio pitting corrosion, which fails the outer barrier
shortly after corrosion starts. The early failure of
the outer barrier leads to early, rapid failure of the
waste package because of higher probability of
localized corrosion of the inner barrier and
associated early release of radionuclides. At later
times, the dose from the two cases is not signifi-
cantly different, because advective release rates
through patch openings from general corrosion
would be about the same. The one-year data for
carbon steel in a concentrated J- 13 water condition
underway at Lawrence Livermore National
Laboratory in Livermore, California, do not show
such high-aspect ratio pitting corrosion (McCright
1998). The testing solution is maintained at
pH 9.7. Mixed anions in the concentrated testing
solution may prohibit pitting corrosion of carbon
steel even in such elevated pH conditions. Thus,
the current pitting model from the expert elicitation
may be unrealistically conservative.

The effect of the high-pH alternative model on
dose rate at 20 km (12 miles) has already been
demonstrated in Figure 5-14 where it was found to

have a very large effect within the first 10,000
years. But, again this is based on corrosion model
for carbon steel that is probably overly conser-
vative.

5.4.5 Sensitivity to Microbiologically Influ-
enced Corrosion

Microbiologically influenced corrosion was not
included in the base case in part because the
potential for this corrosion of the waste packages
was discounted in the recent expert elicitation
(CRWMS M&O 1998b). However, the process has
uncertainty and could affect long term perfor-
mance. In order to assess this uncertainty on
repository performance an alternative model for
microbiologically influenced corrosion effects on
corrosion allowance material corrosion was imple-
mented.

In this sensitivity analysis, sustained and sufficient
microbe activities are assumed to exist all the time
in the postclosure repository at a level high enough
to affect waste package corrosion. The Waste
Package Degradation Expert Elicitation Expert
Panel generally agreed that Alloy 22 would not be
affected by the microbiologically influenced
corrosion, thus it was assumed only the corrosion
allowance material is affected by the microbiologi-
cally influenced corrosion. In addition, since drips
are required for microbe growth (as indicated by
the expert panel), microbiologically influenced
corrosion is assumed to be operative only for the
dripping case.
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/ VfThe sensitivity analysis was conducted using a
simple microbiologically influenced corrosion-
enhancement factor (or multiplication factor) to the

X corrosion allowance material general corrosion
l rate. The enhancement factor was derived from the

105 10t6 corrosion current differences between inoculated
and "sterile" samples that were measured at
ambient temperature (Horn et al. 1998). This study
reported an increase of the corrosion current of
five- to six-fold for the inoculated samples over the

FV3054-6 sterile samples. For this analysis the enhancement
e-Modified) factor to the corrosion allowance material generalidation
or effect on corrosion rate was assumed to have uniform distri-

bution between 1 and 5. In the simulation, the
factor was sampled randomly from the distribution

Figure 5-20. Effect of High-pH (Concreti
Seepage Water on Waste Package Degrz
The high-pH alternative model has a maji
waste package degradation at early times
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and applied as a multiplier to the corrosion
allowance material aqueous general corrosion rate.
The simulations were conducted with the base case
parameter values: NE region, spent nuclear fuel
waste packages, always dripping, and 100 percent
of the surface wetted by drips.

The effect of microbiologically influenced
corrosion on waste package failure time is shown
in Figure 5-21 and shows that early failures are
significantly increased but the average failure time
is not changed that much. The early exposure of
the corrosion resistant material from the early
corrosion allowance material breaches results in an
earlier waste package breach initiation and a
substantially greater number of breached waste
packages. Compared to the base case results, much
more extensive pit perforation is predicted for the
microbiologically influenced corrosion case;
however, there is not much difference in the patch
perforations by corrosion resistant material general
corrosion. The effect of microbiologically influ-
enced corrosion on peak dose rate is very similar to
the effect of concrete-modified water (Figure 5-14)
and is shown in Figure 5-22 for the three periods.
The main effect on peak dose rate is the large (over
two orders of magnitude) increase in the first
10,000 years due to more aggressive degradation
of the carbons steel outer barrier.
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Figure 5-21. Effect of Microbiologically Influenced
Corrosion on Waste Package Degradation
The microbiologically influenced corrosion alter-
native model has a major effect on waste package
degradation at early times. (CAM-corrosion
allowance material)

Figure 5-22. Total Dose Rate Histories for Microbio-
logically Influenced Corrosion Waste Package
Degradation Versus the Base Case
The effect is similar to the high-pH alternative model.
(MIC-microbiologically influenced corrosion)
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5.4.6 Sensitivity to Juvenile Failures

Another uncertainty in the waste package degra-
dation model is the number of early, or juvenile,
failures that may occur in the repository. The
effect of such failures is also uncertain. Failure
could be a merely a slight crack in the waste
package that provides a little opening for radionu-
clide transport out of the waste package or a more
general failure such as that caused by corrosion
patch failure. The expected-value base case
assumes that a single waste package fails at 1,000
years in a dripping zone. The failure is assumed to
be one general corrosion patch (about 300 cm2)
that allows advective release to begin at the failure
time. This juvenile-failure model implemented in
the base case has an effect on the early-time dose,
as expected but does not affect the long-term peak
dose. This is demonstrated in Figure 5-23 which
compares the base case model to a case (alternative
model) where there are no juvenile failures. The
effect of juvenile failures is to cause earlier
appearance of radionuclides at the 20-km (12-mile)
boundary, by about two to three thousand years.
The 95th percentile, juvenile-failure scenario in the
TSPA-VA base case, which assumes that eight
waste packages fail at 1,000 years, is also shown in
Figure 5-23. It indicates that the early-time peak
dose rate increases by about eight times but there is
no affect on the long-term dose.

5.4.7 Sensitivity to Corrosion Patch Size

In the waste package degradation model, the size
of the corrosion patches used in the stochastic
waste package degradation to model general
corrosion of Alloy 22 is also uncertain. The
individual patches are intended to represent a
minimum area on the waste package, that has a
uniform, local exposure condition and thereby
uniform general corrosion rate within a patch. The
base case corrosion patch size is assumed to be
310 cm2 (48 in.2), close to the surface area of the
standard atmospheric corrosion test coupon, or
sample. The total number of corrosion patches on
a single waste package for the base case is assumed
to be 964.

If the patch size is increased by a factor of 10, there
are early failures because there are more pits per
patch, which leads to early pit failure. But the
average waste package failure time for dripping
conditions is later than the base case, and the
number of waste packages failing in 1 million
years is reduced by about 10 percent (Figure 5-24).
If the corrosion patch size is decreased by a factor
of 10, giving 9,641 corrosion patches per waste
package, average waste package failure occurs
earlier for dripping conditions than it does in the
base case.
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Figure 5-23. Sensitivity of Dose to Juvenile Failure
of Waste Packages
Early-time dose is linearly increased by additional
juvenile waste package failures.
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When the alternative-model corrosion-patch-size
curves are implemented into the total system
analysis, the dose rate results differ in the first part
of the time period but not at late time (see
Figure 5-25). Some of the larger patches fail
earlier, and they have larger area for seepage into

and release from the waste package. The smaller
patch case fails earlier in general than the other two
cases, but there is less seepage into the waste
package and smaller openings for radionuclide
release from the waste package, so the dose rates
are similar to the base case.
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5.5 WASTE FORM ALTERATION,
RADIONUCLIDE MOBILIZATION,
AND TRANSPORT THROUGH THE
ENGINEERED BARRIER SYSTEM

The key uncertainties in waste form degradation
and mobilization and transport of radionuclides
through the engineered barrier system are
discussed in this section. These uncertainties were
identified in Section 3.5 and Section 4.3. Evalua-
tions of the importance of seepage through the
waste package, integrity of the spent nuclear fuel
cladding, secondary phase retention of neptunium,
neptunium solubility, the formation and transport
of radionuclide-bearing colloids, and radionuclide
retardation in the invert are included in this section.

Additional sensitivity analyses comparing the
defense spent nuclear fuel with an equivalent
amount of commercial spent nuclear fuel, and the
plutonium waste forms with an equivalent amount
of commercial spent nuclear fuel and high-level
radioactive waste are also presented in this section.

5.5.1 Sensitivity to Seepage into the Waste
Package

The flux into the waste package is an important
parameter affecting release from the waste
package, and little is known experimentally about
how much of the seeping water will flow into the
waste package. Some of the water seeping into a
drift and dripping onto a package is expected to
flow around the package without entering it. The
releases from the waste package are directly
proportional to the amount of seepage that flows
through the waste package. As discussed in
Section 5.4.3, a base case assumption is that the
seepage into the waste package is directly propor-
tional to the size of the corroded openings in the
waste package (divided by the total package
surface area) and multiplied by a "seepage
collection factor" that varies uniformly between
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Figure 5-25. Total Dose Rate Histories for Different
Sizes of Corrosion Patch Failure
There is little effect on dose rate for these alternative
models.
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1 and 10, with a mean of 5.5. A sensitivity evalu-
ation of the importance of this parameter was
conducted using the 5th and 95th percentile values
for the seepage collection factor. The results are
shown in Figure 5-26. The effect is small at all
times but is most noticeable between 50,000 and
250,000 years when the dose is dominated by
solubility-limited releases of neptunium-237.
During this time a change in seepage produces a
change in the dose that is linear with the increase or
decrease in the seepage fraction into the waste
package. However, at later times the effect is
masked by the cladding model, which is not
exposing enough additional waste to reach the
solubility limit of the highest dose contributor,
neptunium.

As a further investigation into the effect of seepage
through the package on total dose rate, an alter-
native model was examined which is similar to
Case 2 in Section 5.4.3. In this case, 10 percent of
the package area is corroded under dripping condi-
tions for all time. However, in contrast to the
aforementioned case (which has seepage into the
package scaled by the corroded patch-pit area), in
the alternative model all of the drift seepage is
assumed to flow through the package. These two
seepage models are compared to the base case
seepage model in Figure 5-27. As with the seepage
collection factor, the effect is relatively minor over
all periods. 1

5.5.2 Sensitivity to Cladding Degradation

Commercial spent fuel cladding degradation
through time is another uncertain process. The
comparison of the total dose rate arising from the
expected-value cladding degradation is compared
to the total dose rate for the 5th and 95th percen-
tiles of the cladding-failure distribution in
Figure 5-28 for the TSPA-VA base case. The base
case cladding degradation distribution is defined
with an expected value of 31 percent, a maximum
of 47 percent, and a minimum of 1 percent for the
amount of exposed surface area of the commercial
spent nuclear fuel at 1 million years. The base case
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Figure 5-26. Effect of Seepage Collection Factor on
Total Dose Rate
Comparison of base case expected-value seepage
collection factor with the base case 5th and 95th
percentile values. This factor partially determines the
amount of liquid flowing through the corroded areas of
the waste packages. (WP-waste package)

1 For all three of these cases the water flowing through the package is assumed to react with all of the exposed fuel(that is, all fuel for which the cladding has degrading or which had no cladding at emplacement).
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Figure 5-28. Effect of Cladding Failure Fraction on
Total Dose Rate
Comparison of base-case expected-value cladding
failure fraction with the base-case 5th and 95th
percentile values.

Figure 5-27. Effect of Alternative Seepage Model on
Total Dose Rate
a) Base case model assumes that the entire waste
package surface area corrodes under dripping
conditions but the seepage flux through the waste
package is proportional to the corroded area divided
by the total surface area; b) "10 percent wet waste
package model combined with seepage into
package normalized by 10 percent of surface area"
means that 10 percent of the waste package surface
corrodes under dripping conditions and that the
seepage flux through the waste package is propor-
tional to the corroded area divided by one-tenth of
the total surface area; (c) "10 percent wet waste
package model combined with drift seepage equals
seepage into package" means that 10 percent of the
waste package surface corrodes under dripping
conditions and that the seepage flux through the
waste package is equal to the drift seepage flux.
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model does not have a significant range for the
surface area until 100,000 years after waste
package failure, when mechanical and corrosion
degradation processes begin to increase. The delay
in initiation of these processes is one reason why
the spread, or variance, in the dose is not observed
until after 250,000 years. The other reason is that
releases become cladding-degradation-rate-limited
after 250,000 years, as explained in Section 4.2.
Prior to that time, between 50,000 years and
250,000 years, the dose rate is dominated by
solubility-limited neptunium releases, implying
that within the range of the base case cladding
model, the variations in cladding degradation
would not have an effect on dose rate prior to
250,000 years.

The base case cladding model does not have a very
wide uncertainty range, so the parameter does not
show up in section 4.3 as a top rank-regression
parameter. For example, the extreme of no
cladding credit is not part of the base case model
uncertainty range. Thus, additional analyses are
conducted to evaluate alternative conceptual
models of cladding failure. The alternative models
range from immediate cladding failure to total
failure of the cladding at either 100,000 years or 1
million years. These are compared to the base case
model in Figure 5-29. The most significant
difference in the models up through 100,000 years
is that the no-cladding model has significantly
higher releases. This is primarily due to the
increased release of technetium-99 at early times
from the fully exposed spent fuel rods. After the
technetium is exhausted, the releases are
dominated by solubility-limited neptunium
releases up till about 250,000 years, which is the
reason that all models yield approximately the
same dose rates. Beyond 250,000 years, the no-
cladding model and 100,000-year-failure model
yield similar results, as might be expected, with
their predicted dose rates being higher than the
other two models (the base case and 1-million-year
models). At close to 1 million years the fuel
inventory from these two models is starting to be
exhausted, so their predicted dose rates fall below
the 1-million-year-failure model. The other two
models, the base case and 1-million-year-total-
failure have similarly shaped dose rate curves, but
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Figure 5-29. Effect of Alternative Models for
Cladding Failure on Total Dose Rate
One model assumes no cladding credit at any time.
The "100 percent degraded at 100,000 years" model
assumes a linear relationship between log (clad
failure fraction) and log (time) with 1 percent failure
at 10,000 years and 100 percent failure at 100,000
years. The "100 percent degraded at 1 million
years" model assumes a linear relationship between
log (clad failure fraction) and log (time) with
1 percent failure at 10,000 years and 100 percent
failure at 1 million years. These three models are
compared to the base case model, which has
several different failure modes as shown in
Figure 3-54.

C_-X25-25

..........



Viability Assessment of a Repository at Yucca Mountain
DOE/RW-0508/V3

separated by a constant factor. This behavior is not
unexpected, since the cladding failure curves for
the two models are about the same, only differing
with respect to the endpoint value at 1 million
years, which is 31 percent failure for the base case
and 100 percent failure for the 1-million-year-total-
failure model.

Because there might be more uncertainty in the
cladding degradation than that included in the base
case and because the base case cladding model did
not show up as an important rank-regression
parameter in Figure 4-34, an alternative cladding
model was investigated besides those discussed in
the previous paragraph. The alternative model
assumes a much wider range on the cladding
uncertainty by assuming that the percentage of
failed cladding in a waste package is log-uniformly
distributed between 0.01 and 1.0, with a mean of
0.215. This percentage is assumed to be failed
instantaneously when the waste package inner
barrier is breached. To evaluate the differences
between the base case and modified cladding
models, probabilistic simulations were conducted
for each of the three simulation periods. The distri-
butions of peak dose rates to an individual located
at 20 km (12 miles) from the repository for the base
case and the modified cladding case are compared
in Figure 5-30. The case with the modified
cladding model gives higher peak dose rates than
the base case in all three time. This increase in
peak dose rates is primarily due to the fact that the
fraction of fuel exposed because of cladding failure
is available immediately for dissolution after waste
package failure rather than gradually increasing
with time as in the base case. Note that differences
in dose rates tend to be more pronounced on the
low probability regions of the curves, except in the
10,000-year period where differences tend to be
significant for the entire range of doses.
Figure 5-31 is a comparison of the most important
model parameters for total system performance,
similar to Figure 4-34, for the modified cladding
case. Based on the R2-loss, the modified cladding
case indicates that cladding degradation is a key
parameter in the 10,000-year and 1-million-year
periods. However, it is not a key parameter in the
100,000-year period because of the dominance of
solubility-limited neptunium releases, which
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Figure 5-30. Effect of an Alternative Cladding Model
on 10,000-Year, 100,000-Year, and 1 Million Year
Peak Dose Rate over Multiple Realizations
The alternative model assumes a wider uncertainty
band for cladding failure fraction than used in the
base case (see Figure 3-54). The fraction is
assumed to be log-uniform from 0.01 to 1.0 and it is
assumed that the cladding is failed instantaneously
when the waste package fails.
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