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Table 4-38. Key Aspects and Technical Assumptions Inthe Human Intrusion Scenario In the TSPA-SR Model
Key Aspect
Associated Technical Assumptions
Infiltration of water down the

Borehole diameter
Flux I borehole based on infiltration, climate, catchment basin focusing
Seepage through borehole into penetrated waste package

Type of waste package penetrated
Potential dissolved and colloldally transported radionuclide Inventory
Mobilization and release of radionuclides
Surface area and volume of waste exposed
from the penetrated waste package
Waste form and cladding degradation
Thermal and geochemical conditions inwaste package
Dissolution rates
Transport ofradionuclides down the borehole Borehole flow and transport properties including porosity and sorption
to the water table
Borehole length
Transport of radlonuclides through the
Borehole location
saturated zone
Nominal case saturated zone flow and transport properties
Exposure pathways and dose calculation at Nominal case biosphere pathways and properties
the receptor location

For human intrusion in the supplemental and
revised supplemental TSPA models, the DOE first
determined the earliest time at which the waste
packages would degrade sufficiently that a human
intrusion could occur without recognition by the
driller. Consistent with final NRC licensing-related
regulations (10 CFR 63.321 [66 FR 55732]), the
DOE estimated that this could not occur until about
30,000 years after closure. The DOE has also
analyzed this human intrusion scenario and
included the analysis in the final EIS. The results
of a human intrusion at 30,000 years are also
summarized below in Section 4.4.4.2.2.

more detail in Section 4.4 of the Total System
Performance Assessment for the Site Recommen
dation (CRWMS M&O 2000a).

4AA.2

Results

4.4.4.2.2

4.4.4.2.1

TSPA-SR Model Results

The 100-year human intrusion results were calcu
lated probabilistically by the TSPA-SR model.
Figure 4-197a shows the mean annual dose rate for
100,000 years resulting from a human intrusion
100 years after repository closure, together with
the 9511, 5 01 (i.e., median), and 5th percentile
curves from a set of 300 simulations. The peak
mean total expected dose equivalent from human
intrusion during the first 10,000 years is approxi
mately 0.008 mrem/yr, and the peak mean total
expected dose equivalent for the 100,000 year
period of analysis is also approximately 0.008
mrem/yr. TSPA-SR human intrusion scenario
performance assessment results are documented in

Even though the human intrusion scenario was not
evaluated to a million years, the doses would not
be expected to be significantly greater than the
doses out to 100,000 years because the sorbing,
long half-life radionuclides that would start to
contribute beyond 100,000 years are not significant
contributors to dose. In addition, the million-year
human intrusion doses would be less than the
nominal case doses.
Revised Supplemental TSPA-SR
Model Results

The first failure of the Alloy 22 waste package
material due to general corrosion is projected to
occur after approximately 30,000 years. The DOE
has, therefore, determined that the earliest time a
human intrusion could occur without recognition
by a driller (intruder) is at least 30,000 years. This
determination was based on analyses presented in
Volume 1, Appendix A of FY01 Supplemental
Science and PerformanceAnalyses (BSC 2001a).
Additional information supporting the timing of
the human intrusion (at 30,000 years) is presented
in Total System Performance Assessment Sensi
tivity Analyses for Final Nuclear Regulatory

Commission Regulations (Williams 2001b). The
compressive strength and ductility of the metals
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from which the drip shields and waste packages are
fabricated differ significantly from the rock that
would surround them. Drillers (intruders) would
notice these differences. For example, the drilling
assembly would buckle and bend when the bit
attempted to penetrate the titanium drip shield and
waste package (drill bits that are designed for rock
do not easily penetrate metal, particularly tita
nium). The drillers (intruders) should, therefore,
recognize that they have attempted to drill into
some material other than rock for at least as long as
the drip shield or waste packages are intact. Anal
yses calculate a 95 percent probability that the
waste packages will remain intact for about 30,000
years. Thus, the human intrusion is not expected to
occur within the first 10,000 years.

the earliest time after disposal that the waste
package would degrade sufficiently that a human
intrusion could occur without recognition by the
drillers. The results of the revised supplemental
TSPA model simulations for a human intrusion at
100 years after closure showed a peak mean dose
of 0.0048 mrem/yr (at 875 years) over the 10,000
year period. This is similar to the dose projected by
the TSPA-SR model (approximately 0.008
mrem/yr) for a 100-year human intrusion (Figure
4-197a). The revised supplemental TSPA model
projected a peak mean annual dose over a million
year period of 2.3 x 10.3 mrem/yr for the 30,000
year human intrusion, as shown in Figure 4-197b.
The peak mean dose occurs at 108,000 years (Will
iams 2001 a).

The analysis of the human intrusion scenario at
30,000 years is presented in Final Environmental
Impact Statementfor a GeologicRepositoryfor the
Disposal of Spent Nuclear Fuel and High-Level
Radioactive Waste at Yucca Mountain,Nye County
Nevada (DOE 2002) and Total System Perfor
mance Assessment-Analyses for Disposal of
Commercial and DOE Waste Inventories at Yucca
Mountain-Input to Final Environmental Impact
Statement and Site Suitability Evaluation (Will
iams 2001a, Section 6.4). The human intrusion
scenario at 30,000 years considers an "intruder" to
be someone drilling a land-surface borehole using
a drilling apparatus and the common techniques
and practices that are currently employed in
exploratory drilling for groundwater in the region
around Yucca Mountain. In the scenario, the
intruder drills directly through a degraded waste
package and subsequently into the uppermost
aquifer underlying the Yucca Mountain repository.
The intrusion then causes the subsequent compro
mise and release to groundwater of the
contaminated waste in the penetrated waste
package.

The DOE conducted a sensitivity analysis to
consider an unlikely event (igneous intrusion) in
the evaluation of the human intrusion scenario and
documented it in Total System Performance
Assessment Sensitivity Analyses for Final Nuclear
Regulatory Commission Regulations (Williams
2001b, Section 6.2). The report discusses the
scenario of a human intrusion preceded by an
unlikely igneous intrusion event with a mean
annual probability of an igneous intrusion at the
location of the repository of 1.6 x 10-3 (CRWMS
M&O 2000a, Table 3.10-5). In the analysis, it was
determined that the mean annual dose due to a
human intrusion following an unlikely igneous
intrusion can be approximated by multiplying the
conditional dose of a human-intrusion event by the
probability of the initiating igneous-intrusion event
by the probability of the drillers not detecting the
waste package (assumed to be equal to one if the
drilling is preceded by an igneous intrusion event).

Two human intrusion scenarios were simulated and
discussed in Total System Performance Assess
ment-Analyses for Disposal of Commercial and
DOE Waste Inventories at Yucca Mountain-Input
to FinalEnvironmentalImpact Statement and Site
Suitability Evaluation (Williams 2001a, Section
6.4). One intrusion occurs at 100 years after reposi
tory closure, and the other occurs at 30,000 years,

The conditional human intrusion dose would be a
function of when the initiating igneous intrusion
occurs. The worst case would be if the intrusion
occurs immediately following the loss of institu
tional controls. This calculation was presented in
Total System Performance Assessment-Analyses
for DisposalofCommercialandDOE Waste Inven
tories at Yucca Mountain-Input to Final
Environmental Impact Statement and Site Suit
ability Evaluation (Williams 2001a) for a human
intrusion at 100 years, and the resultant maximum
mean dose was 4.8 x 10.3 mrem/yr (Williams
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Figure 4.197. TSPA.SR Model and Revised Supplemental TSPA Results of Annual Dose to a Receptor for the
Human Intrusion Scenario
(a) Human intrusion at 100 years projected by the TSPA-SR model. (b) Human intrusion at 30,000 years projected by
the revised supplemental TSPA model, Source: CRWS M&O 2000a, Figure 4.4-11: Williams 2001s. Figure 6-12.
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2001a, Table 6-1). Considering the probability of
the igneous initiating event occurring sometime in
30,000 years (4.8 x 104), the earliest time after
disposal that drillers would not recognize they had
been penetrated a waste package, it was deter
mined that the approximate maximum mean dose
due to a human intrusion following an igneous
intrusion would be the probability (4.8 x 104)
times the maximum mean dose (4.8 x 10-3
mrem/yr) or 2.3 x 10-6 mrem/yr. The maximum
mean dose is much lower than the maximum mean
dose due to the igneous intrusion alone of
4.3 x 104 mremlyr (Williams 2001b, Section 6.2).
4.4.5

Sensitivity Analysis and Evaluation of
Robustness of Repository Performance

The TSPA-SR model and supplemental TSPA
model results for the nominal scenario are
presented in Section 4.4.2, those for the disruptive
events scenario are presented in Section 4.4.3, and
those for the human intrusion scenario are
presented in Section 4.4.4. These results illustrate a
range of possible performance that is affected by
the uncertainty in the individual component models
and parameters used to describe the behavior of the
system. An important goal of performance assess
ment is the clarification of the significance of these
uncertainties on the overall performance of the
potential repository. This section describes the
sensitivity analyses conducted on these three
scenarios. More details of these results and conclu
sions are included in Total System Performance
Assessment for the Site Recommendation
(CRWMS M&O 2000a, Sections 5.1 and 5.2) and
Volume 2, Section 3 of FY01 Supplemental Science
andPerformanceAnalyses (BSC 2001 b).
Two different approaches have been used to eval
uate the contribution of the uncertainty of different
component models and parameters to the uncer
tainty in the dose rate projected by the TSPA-SR
model. The first method, called either "stochastic
sensitivity analysis" or "uncertainty importance
analysis," uses the full suite of results available
from the Monte Carlo-type analyses presented for
each of the three scenarios. In this method, various
statistical techniques are used to determine which
models and parameters most significantly affect
the mean and the variance (or spread) of the dose

distribution. Other statistical techniques have been
used to examine the models and parameters that
most significantly affect the extremes (e.g., the top
10 percent) of the resulting dose distribution.
These later analyses are informative because it is
frequently the extremes (or tails) of the dose distri
butions that most affect the mean of the projected
dose.
The second method, generally called "one-off
sensitivity analysis," examines the effects of each
component model or parameter on overall system
performance. These analyses are conducted by
fixing a particular model or parameter at either its
expected value (generally the median or 50th
percentile value) or a specified extreme value (e.g.,
either the 5 th or 9 5th percentile value). In these
analyses, all other models and parameters other
than the fixed value are still sampled from the
uncertainty distribution used in the base case anal
ysis. These sensitivity analyses are used to display
the effect of the change on the mean predicted dose
(or other measures of the system or subsystem
performance) as well as on the variance (or spread)
of the predicted dose. By fixing a particular param
eter that significantly affects the spread of the
overall system performance results, especially if
the effect is on the upper 5 to 10 percent of the
projected dose consequences, it is possible to
directly examine the significance that particular
parameter has on the resulting performance of the
system.
Both of the above sensitivity analysis methods
have been used in evaluating the sensitivity of the
projected dose of the Yucca Mountain repository
system. Detailed discussion of a wide range of
TSPA-SR sensitivity analyses are presented in the
Total System PerformanceAssessment for the Site
Recommendation (CRWMS M&O 2000a, Section
5). All analyses described in Volume 2, Section 3
of FY01 Supplemental Science and Performance
Analyses (BSC 2001b) were conducted as one-off
comparisons in which all models and input param
eters are the same as those used in the TSPA-SR
model except for the model or parameters being
examined. Therefore, differences in performance
measures between these results and those of the
TSPA-SR base case provide insights into the
importance of uncertainty in individual model
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components. Details may be found in Volume 2.
Section 3.2 of FY01 Supplemenal Science and
Performance Analyses (BSC 2001b). Sections
4.5.1, 4.5.2, 4.5.3, and 4.5A4 in this document
report on TSPA-SR sensitivity analyses. Section
4.5.5 reports on supplemental sensitivity analyses
reported in Volume 2 of FYOI Supplemental
Science and PerformanceAnalyses (BSC 2001 b).
TSPA-SR Model Nominal Scenario
Sensitivity Analysis

4.4.5.1

The nominal performance scenario includes the
models and parameters (and their corresponding
uncertainty) for all relevant FEPs as they are
expected to evolve over time for the Yucca Moun
tain repository system. The nominal performance
results indicate a broad uncertainty in the predicted
dose for several tens of thousands of years. As time
proceeds, there is a broad range of possible dose
rates. The causes for the broad range in projected
dose rates are described in this section, and addi
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Figure 4-198. Summary of TSPA-SR Model Stochastic Sensitivity Analyses for Nominal Scenario
Parameters Affecting Dose Rate Uncertainty at Various Times
SCC = stress corrosion cracking. Source: CRWMS M&O 2000a, Figure 5.1-4.
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The principal uncertainty importance factors deter
mined from the regression analysis (ranked in their
order of significance at 40,000 years) are:

These five factors explain about two-thirds of the
total variance of the dose results at 40,000 years.

"Uncertainty in the stress profile at the welds
of the stress-mitigated outer Alloy 22 closure
lids of the waste package that are subject to
stress corrosion cracking

" Uncertainty in the stress profile at the welds
of the stress-relieved inner Alloy 22 closure
lids of the waste package that are subject to
stress corrosion cracking

" Uncertainty in the median value of the
general corrosion rate of Alloy 22 in the
region of the outer Alloy 22 closure lid

0

In addition to examining the, uncertainty impor
tance factors as a function of *thetime at which a
particular dose: is projected: to be received by the

individual receptor (as is done in Figure. 4-198).
additional stochastic. sensitivity analyses have been
performed at four discrete dose levels (10. 1, 0.1.
and 0.01 mrem/yr). The results of these uncertainty
importance analyses are illustrated in Figure 4-199.
These results confirm the results illustrated in
Figure 4-198 in that it is the stress profile and
corrosion rate of Alloy 22 that most significantly
affects the degradation of the engineered barriers
and determines the timing and magnitude of the
distribution of doses projected to be received by
the receptor.

" Uncertainty in the median value of the
general corrosion rate of Alloy 22 in the
region of the inner Alloy 22 closure lid
Uncertainty in the groundwater flux in the
saturated zone.

The previous list illustrates the significant effect
that uncertainty in the waste package corrosion
rates and stress states at the closure welds could
have on the time it takes for waste packages to
breach and on the total amount of degradation of
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Figure 4-199. Summary of. Stochastic TSPA-SR Model Sensitivity Analyses for Nominal: Scenario
Parameters Affecting Uncertainty in Time of Dose Rate for Various Dose Rates
SCC = stress corrosion cracking. Source: CRWMS M&O 2000s, Figure 5.1-10.
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the waste packages. Until the principal contain
ment barrier of the waste packages is breached,
there can be no release from the waste packages
and therefore no doses. Therefore, the key parame
ters that affect the waste package degradation are
also the key parameters that affect the total system
dose.
The two natural system parameters determined to
be most significant are the infiltration rate and the
saturated zone advective flux (the former appears
more prominent in the I-million-year analyses
described in Section 5.1 of the Total system Perfor
mance Assessment for the Site Recommendation
(CRWMS M&O 2000a]). The infiltration scenario
affects the advective transport time through the
unsaturated zone (due to the effect on the percola
tion flux and the height of the water table) and the
fraction of waste packages likely to encounter
seeping conditions in the repository. The saturated
zone groundwater advective flux affects the trans
port time of key radionuclides through the
saturated zone (in particular, moderately sorbing
radionuclides like neptunium-237) and the fraction
of the total travel path that is in the alluvial
aquifers.
In addition to the regression analysis that deter
mines the most significant parameters affecting the
variance of the projected dose rate versus time,
classification and regression tree analyses have
been performed to identify the key variables
controlling the extreme realizations (e.g., the top
10 percent). These analyses confirm that the causes
of early waste package failures and, therefore, the
causes of doses are determined by a few waste
package-specific parameters that affect the degra
dation rates (due both to corrosion and stress
corrosion cracking) at the middle lid and outer lid
closure welds (CRWMS M&O 2000a, Section

5.1).
4.4.5.1.1

TSPA-SR Model Sensitivity Studies
for the Higher-Temperature
Operating Mode

Using the factors identified as the most significant
contributors to performance based on the stochastic
sensitivity analyses described previously, one-off
sensitivity analyses have been performed to illus-

trate the significance of these factors on the mean
dose rate. These analyses are performed by fixing
one or more models or parameters at their extreme
values (51h and 951h percentiles) and then rerunning
the calculations with all other models and parame
ters sampled from their "base case" distributions.
In the following figures, comparisons of the one
off sensitivity analyses are made using the mean of
the overall performance distribution. Additional

analyses described in Total System Performance
Assessment for the Site Recommendation
(CRWMS M&O 2000a, Section 5.2) evaluate the
variance reduction of the projected dose response
from these one-off sensitivity analyses. As in the
previous sections, these analyses have been
conducted out to 100,000 years to gain insights
into the system behavior.
Figure 4-200 illustrates the mean in the predicted
dose rate when the stress state at both the inner and
outer Alloy 22 closure welds is fixed at the 95th and
5th percentile values from the total uncertainty
distribution described in Section 4.2.4. The results
are compared to the base case results presented in
Section 4.4.2. As expected, the timing of a partic
ular mean dose is significantly affected by changes
in the stress state. When the stress profile is fixed
at the 95th percentile of the considered distribution,
the fraction of the lid thickness that must be
corroded before stress corrosion processes are initi
ated is significantly reduced, which significantly
reduces the time required for a breach of the waste
package at the lid closure welds. Conversely, when
the stress profile is fixed at the 5"' percentile, the
fraction of the lid thickness that must be corroded
before stress corrosion processes are initiated is
increased significantly, which significantly delays
the breach time of the waste package at the lid
closure weld.
Figure 4-201 illustrates the mean in the predicted
dose rate when the median value of the general
corrosion rate for Alloy 22 for the region of both
the outer and middle closure lids is fixed at the 951h
and 5d' percentile values. Again, as the corrosion
rate is fixed at a high (e.g., the 95th percentile)
value within the range of possible corrosion rates,
the time for the mean waste package breach is
reduced. Conversely, when the corrosion rate is
fixed at a low (e.g., the 51h percentile) value within
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Figure 4-200. Sensitivity of the Mean Annual Dose Calculated by the TSPA-SR Model to Uncertainty In the
Stress State at Closure Welds
SCC - stress corrosion cracking. Source: CRWMS M&O 2000a. Figure 5.2-3.

the range of possible corrosion rates, the time for
the mean waste package breach is increased. This
parameter significantly affects the rate of degrada
tion of the waste packages and the variability in the
waste package failures.
In separate , barrier importance analyses discussed
in Section 4.5.4, all of the important waste package
degradation parameters described previously were
fixed at their 5"h and 951h percentiles. The barrier
importance analysis results presented in Section
4.5.4 confirm the individual sensitivity analysis
presented above.
Figure 4-202 illustrates the significance of fixing
the infiltration rate at the low or high values of the
distribution presented in Section 4.2.1. Again, the
results are compared to the "base case" results
described in Section 4.4.2. The significance of the
parameter illustrated in this figure is less than that
observed in the waste package degradation sensi
tivity analysis. The slight difference between the
mean dose when the infiltration is fixed at its

maximum value and the mean dose when the infil
tration is sampled illustrate that the mean dose
response of the base case is already significantly
affected by the maximum values of the infiltration
rates. However. the 50' percentile infiltration rate
has. a significant effect on the predicted dose
response. This result is primarily due to the effect
of reduced seepage flux as the infiltration rate is
reduced (CRWMS M&O 2000a, Section 5.2).
Figure 4-203 illustrates the significance of seepage
to system performance. In this particular sensitivity
analysis, the seepage flow focusing factor is fixed
at the 9 5th or 51h percentile. At high ends of the
flow ibcusing factor, more water is allowed to
focus on the drifts and may potentially seep if the
capillarity of the fractures is insufficient to keep
the water in the rock. As expected, seepage has a
minimal significance until such times that the dose
is dominated by solubility-limited'releases (i.e.,
greater than about 50.000 years) because the more
soluble radionuclides, such as technetium-99, can
more readily diffuse through the engineered
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Figure 4-201. Sensitivity of the Mean Annual Dose Calculated by the TSPA-SR Model to Uncertainty in the
Median General Corrosion Rate of Alloy 22
Source: CRWMS M&O 2O00a, Figure 5.2-9.
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Figure 4-203. Sensitivity of the Mean Annual Dose Calculated by the TSPA-SR Model to Uncertainty in the
Seepage Rate
Source: CRVVMS M&O 2000a, Figure 5.2-2a,

barriers once they have been breached. In addition,
seepage will only be significant when an advcctive
pathway through the drip shields and waste pack
ages is created, which requires a significant
fraction of both the drip shields and waste pack
ages to have been degraded.
•1he above discussion illustrates the significance of
some of the most important paramneters affecting
the projected dose rate for the nominal perfor
mance scenario. Other parameters and models that
are uncertain and for which sensitivity analyses
have been performed are presented in Section 5.2
of the Total %,stem Performance Assessment for
the Sile Recommendathin (CRWMS M&O 2000a),
The barrier importance analyses presented in
Sections 4.5.3 and 4.5.4, in which the variables
affecting several process model factors are varied
simultaneously, identify additional parameters
of potential significance to overall system
performance.

4.4.5.1.2

TSPA-SR Model Sensitivity Studies
for Alternative Design Features and

Lower-Temperature Operating
Modes
This section describes analyses that have been
performed to address alternative operating modes
that could result in lower temperatures. Specifi
cally, these modes would not allow temperatures
above the boiling point of water to occur in the host
rock.
The sensitivity studies for the lower-temperature
operating mode described in this section were
undertaken using the process and TSPA models
described in this section. Section 2.1 contains
descriptions of other lower-temperature operating
modes. Design studies were used to develop an
understanding of the environmental conditions
associated with these operating modes. Enhance
ments were made to the performance assessment
models to conduct the performance assessment and
sensitivity evaluations of the additional lower-
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.temperature operating modes. These enhancements
incorporate the results of efforts to quantify uncer
tainties -and extend the applicable' range of the
process models (BSC 2001a; BSC 2001b). Of
particular interest are enhancements that address
the performance-reiated responses of the design
and -operating mode, considering temperature
sensitive parameters and coupled thermal-mechan
ical-chemical-hydrologic processes. This approach
is intended to ensure that the performance evalua
tions appropriately consider the potentially
detrimental and potentially beneficial aspects of
the repository's performance over a range of oper
ating modes encompassing above- and below
boiling conditions.

controlled thermal-hydrologic-chemical environ
inent in which the rest of the engineered barriers
reside. Backfill also has a potential benefit of
reducing the. humidity on the waste package
surface for several thousand years after closure,
delaying the onset of the aqueous corrosion
processes that can take place in humid cnviron
ments. However, backfill could also have negative
effects, such -as increasing the !cladding peak
temperature and accelerating the amount and rate
of cladding degradation. The effect of adding back
fill to the repository design was evaluated, and the
results are shown in Figure 4-204. This analysis
indicates little net effct of the potential positive
and negative performance aspects of backfill.

Sensitivity analyses were also performed to assess
the pcrformance-rclated impacts of the potential
addition of backfill. In theory, backfill could have
several desirable attributes, such as limiting the
potential effect of rockfall and providing a well-

For the higher-temperature operating mode, the
design described in Section 2 includes a 50-year
ventilated preclosure period, a linear thermal
loading of 1.45 kW/m, and a constant drift to drift
spacing of 81 m (266 fl). For the higher-tempera-
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Figure 4-204. Sensitivity of the Mean Annual Dose Calculated by the TSPA-SR Model to Adding Backfill to
the Repository Design
Source: CRWMS M&O 2000a. Figure 4.6-5.
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tial repository footprint should also
increase accordingly. In the analyses pre
sented here, the effects of an increased
footprint on potential repository perfor
mance are neglected.

ture operating mode, this design would allow
boiling to occur several meters into the host rock
surrounding the emplacement drifts for tens to
hundreds of years after closure, depending on the
relative location of the drift (i.e., edge versus
center of the potential repository). In this section,
the performance of a lower thermal load operating
mode based on a reduced thermal loading of
0.90 kW/m and a 100-year ventilated preclosure
period is compared to the higher-temperature oper
ating mode. This alternative operating mode would
not produce boiling in the host rock. The analysis

5. The effects and uncertainties associated
with coupled thermal-hydrologic-chemi
cal-mechanical processes, such as
dissolution and precipitation of minerals
and thermally induced fracturing in the
host rock, may decrease in magnitude as

the potential repository thermal loading
decreases. These potential decreases in
effects and uncertainties are neglected in
the present comparison.

is summarized in Total System Performance
Assessment for the Site Recommendation

(CRWMS M&O 2000a, Section 4.6.2).
To facilitate the analysis, the following key
assumptions were made:
I. It is assumed that a specific line-loaded,
two-dimensional, drift-scale, thermal
hydrologic submodel is representative of
an average location in the potential repos
itory footprint. This assumption is based
on the selected submodel's physical loca
tion relative to the geometric center of the
potential repository footprint.
2. Spatial variability in potential repository
thermal-hydrologic variables does not
have a significant effect on engineered
barrier system performance. Therefore,
thermal-hydrologic output variables from
the line-loaded thermal-hydrologic sub
model can be applied throughout the
potential repository.
3. The reduction of power output from
1.45 kW/m to 0.90 kW/m is accomplished
by increasing the waste-package-to
waste-package spacing. This increase in
waste package spacing is accounted for in
the two-dimensional model by applying a

In the lower-temperature operating mode, waste
package surface temperatures reach a much lower
peak temperature, as expected. In the higher
temperature operating mode, elevated waste
package surface temperatures are accompanied by
a corresponding decrease in relative humidity

around the waste package. This decrease in relative
humidity does not occur in the low thermal load
case since surface temperatures do not rise
significantly.
Curves showing the rate of initial waste package

failure (CRWMS M&O 2000a, Section 4.6.2) indi
cate that there is not a significant difference in the
two cases as they are currently modeled. This

result illustrates the insensitivity of the waste
package corrosion and degradation model to
thermal-hydrologic conditions around the waste
package. As shown in Figure 4-205, the perfor
mance results for the higher-temperature operating
modes compared to the lower-temperature modes
in both TSPA-SR analyses and supplemental TSPA
analyses (CRWMS M&O 2000a; BSC 2001 a; BSC
2001b) are similar because neither would expose
the engineered barriers (the drip shield and the
waste packages) to temperatures or geochemical

scaling factor to the original design
model's thermal power curve.

conditions that would be expected to significantly
increase general corrosion or stress corrosion
cracking rates, or waste form dissolution rates. The

4. The reduction in linear power output is

thermal design goals established for the higher
temperature operating mode (see Section 2.3.4.3)

accomplished by increasing waste
package-to-waste-package spacing in the
emplacement drifts. As a result, the poten-

were meant to ensure that temperatures or
geochemical environments that would promote
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supplemental TSPA model projections (see Figure
4-205).

corrosion and stress cracking would not be encoun
tered in the repository. The processes and
conditions expected in the natural environment and
in the repository emplacement drifts are described
in Sections 4.2.2, 4.2.3, and 4.2.5.

The performance assessment aspects of the flexible
design and ranges of operating modes for a poten
tial repository at Yucca Mountain are related to
understanding the impact that a design component
or operational performance objective could have
on the performance of the site across a range of
environmental conditions. The use of TSPA as a
tool in the evaluation of the performance character
istics of the proposed repository design over a
range of operating conditions is an important step
in the evaluation of the design. The evolution of
the design and operating mode information is a
process that includes (I) refining specific design
requirements and performance goals to recognize
performance related benefits that could be realized
through design and (2) enhancing components of
the design to best achieve the performance-related
benefits.

In conclusion, although the low thermal load case
reduces waste package surface temperatures and
increases the relative humidity around waste pack
ages, these effects do not significantly impact
waste package performance. In addition, since
waste package failure does not occur until after
10,000 years, the thermal-hydrologic conditions
for both cases are similar during the period when
radionuclides are mobilized. As a result, doses for
both cases show very little difference.
4.4.5.1.3

Sensitivity Analyses for Other
Lower-Temperature Operating
Modes

The effect of heat on the performance of the repos
itory and the associated uncertainties are discussed
in FY01 Supplemental Science and Performance
Analyses (BSC 2001 a; BSC 2001 b). These studies
considered ranges of drift wall temperatures as
high as 200*C (392 0F) to below the boiling point
of water (96*C [205*F]) at the elevation of the
emplacement horizon). An objective of the higher
temperature operating mode is to maintain temper
atures in a portion of the rock between the
emplacement drifts below the boiling point of
water. Supplemental TSPA studies include sensi
tivity analyses that evaluated repository
performance limiting all drift wall temperatures
below the boiling point of water. Lower-tempera
ture operating modes to reduce uncertainty about
corrosion rates associated with waste package
performance have also been evaluated in FY01
Supplemental Science and Performance Analyses
(BSC 2001a; BSC 2001b). These evaluations
considered temperatures as low as 85 0C (185 0 F).
The result of these studies are reported in Volume 1
of FY01 Supplemental Science and Performance
Analyses (BSC 2001a). A summary of these
studies are found in Section 4.4.5.5 of this report.
In general, projected doses for both the higher- and
lower-temperature operating modes are similar.
This is true for both TSPA-SR model and revised

Analyses of a range of lower-temperature oper
ating modes was used to support development of
further understanding of potential performance
benefits that could be realized through specific
repository operating modes (BSC 2001a; BSC
2001b). If a design attribute was shown to have a
significant impact on the performance of the repos
itory, then the attribute underwent further
evaluation to define the positive contribution or
limit the negative contribution of this attribute in a
manner that could enhance the performance of the
repository. If the performance evaluations indicate
benefits to be gained by refinement of the basic
design or operating mode concept, the evolution of
the design will take advantage of those insights.
4.4.5.2

TSPA-SR Model Sensitivity
Analyses for Disruptive Scenarios

As Section 4.3.2 describes, igneous disruption is
the only disruptive scenario that has been identified
as requiring explicit analysis in the TSPA. Section
4.4.3 describes the TSPA results for the igneous
disruption scenario. This section presents the
results of two sensitivity analyses examining alter
natives to the modeling assumptions used in the
TSPA-SR model (CRWMS M&O 2000a, Section
5.2.9). These sensitivity analyses have been
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performed using 1.000 realizations and a 20,000

year period of simulation. These analyses are
presented here to provide insight into the robust
ness of the TSPA-SR model results for the

disruptive scenario performance analyses. The
alternative modeling assumptions represented by
these analyses are not considered to be realistic,

and the mean probability-weighted 50,000-year
dose rate described in Section 4.4.3 should be
interpreted as the best estimate of future perfor

mance for the igneous disruption scenario class.
Figure 4-206 shows a comparison of the proba
bility-weighted 20.000-year mean annual igneous
dose rate, as described in Section 4.4.3, with the
same dose rate calculated using a fixed annual
probability of both eruption and igneous intrusion
equal to 10-7, rather than a value for igneous intru
sion sampled from a distribution with a mean of
1.6 x 10-9. For additional conservatism, the condi
tional probability that an eruptive conduit
intersects waste if intrusion occurs is set to I in this
analysis. This higher probability is the value used

by the NRC in analyses reported in their igneous
activity Issue Resolution Status. Report (Reamer
1999, p. .1I). Because the event probability is used
directly in the weighting of probabilistic doses,
changes in event probability should result in a
linear scaling of the mean annual dose. Figure
4-206 confirms this observation. The mean dose
calculated using the fixed higher probability
(shown in red) is about 17 times higher during the
first 2,000 years than the mean dose calculated
using the full distribution of probabilities. At later
times, the scaling between the curves varies
slightly with time. reflecting both the sampling of
the time of intrusion and the influence of individual
realizations with varying probabililies on the loca
tion of the mean at different times.
Figure 4-207 shows the second of the two one-off
sensitivity analyses reported here. which is a
comparison of the probability-weighted mean
annual dose rate, as described in Section 4.4.3.
with the same dose rate calculated using the 95t" or
50' percentile values for the number of waste pack-
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Figure 4-206. Sensitivity of the Mean Annual Dose Calculated by the TSPA-SR Model for the Volcanic

Scenario to Uncertainty in Probability of Volcanic Intrusion and Eruption
Source: CRWMS M&O 2000a, Figure 52-17.
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ages damaged by igneous intrusion. This
comparison provides insight into the sensitivity of
overall perlbrmance to uncertainty about the repos
itory's response to igneous intntsion. As Section
4.4.3 describes. packages may be sufficiently
damaged by their close proximity to the igneous

the [SPA-SR model. Results of this comparison
show that performance is only moderately sensitive
to the total number of packages that are damaged
by intrusion, %ith peak dose increasing by less thani
a ractor of 2.

intrusion that they provide no further protection, or

Additional sensitivity analyses were performed by
the supplemental TSPA model. These results are
presented in Volume 2. Section 3.3 of FYO1

they may be partially damaged due to elevated
temperature and pressure in the emplacement drift.
Both types of damage are treated as uncertain
parameters in the TSPA-SR model. In this sensi
tivity analysis of 20.000-year performance. these
sampled valites were replaced with fixed numbers
corresponding to the 951h percentiles of the
I'SPA-SR distributions for the parameters. Spccifi
cally, these 95th percentile values are that 219
waste packages are fully damaged by igneous
intrusion and that an additional 6.297 packages
(mnore

than half those in the repository)

are

partially damaged. All other parameters have the
same values, sampled or fixed, that were used in

Stppltefental Science and Pfrfin•amce Analyses
tBSC 2001b) and Section 4.4.5.3 of this report.

4.4.5.3

TSPA.-SR Model Sensitivity
Analyses of the Iliuman Intrusion
Scenario

Because the 100-year human intrusion dose is
largely determined by the stylized nature of the
analysis, results are insensitive to uncertainty
regarding physical properties and processes related
to the intrusion event.
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Stochastic sensitivity analyses, as described in
Sections 4A.5 and 4.5, indicate that the mean
annual dose rate following a 100-year human intru
sion is sensitive to uncertainty in the parameters
that affect transport in the saturated zone. Specifi
cally, the parameters controlling advective flux in
the saturated zone and the solubility of neptunium
237 show the greatest statistical importance. A
one-off sensitivity analysis showed that degrada
tion of the saturated zone flow and transport
processes in the TSPA-SR model could result in a
moderate increase in the I00-year human intrusion
dose rate (CRWMS M&O 2000a, Section 5.3.7).
However, the peak mean annual dose rate for the
95d percentile infiltration rate did not exceed 0.02
mrem/yr over the entire 100,000 years and was
about 0.01 mrem/yr at 10,000 years after reposi
tory closure for the 100-year human intrusion
event.
Sensitivity of the human intrusion scenario at
30,000 years to an unlikely igneous event is
reported in Total System Performance Assessment
Sensitivity Analyses for FinalNuclear Regulatory
Commission Regulations (Williams 2001b). These
results are discussed in Section 4.4.4.2.2 of this
report
4A.4.4

Summary of TSPA-SR Sensitivity
Analyses

The goa" of the TSPA-SR sensitivity analyses, and
the other analyses documented in Total &stem
Performance Assessment for the Site Recommen
dation (CRWMS M&O 2000a, Section 5), is to
provide additional insights into the significant
contributors to overall system performance. These
significant contributors are defined with respect to
how much they modify the mean of the predicted
dose response as well as their contribution to the
overall uncertainty in the predicted dose response.
The focus has been on the significance with respect
to the individual dose performance (which includes
the nominal performance scenario, the disruptive
events performance scenario, and the stylized
human intrusion scenario). These sensitivity anal
yses have been conducted out to 100,000 years to
gain insights into the repository system behavior.
Additional analyses are presented in Section 4.5
where several factors have been varied simulta-

neously to evaluate the robustness of the repository
performance.
4.4.5.5

Supplemental TSPA Sensitivity
Analyses For Nominal Performance

This section describes results presented in FYOI
Supplemental Science and Performance Analyses
(BSC 2001a; BSC 2001b) of one-off sensitivity
analyses conducted by modifying the models and
input parameters used in the TSPA-SR model.
Except for the model or parameter being examined,
the one-off sensitivity analyses were conducted
using the same models and input parameters as
those used in the TSPA-SR model base case, and
therefore differences in performance measures
between these results and those of the TSPA-SR
model provide insights into the importance of
uncertainty in individual model components. Anal
yses are presented for each of the major modeling
subsystems, and the results are displayed as
system-level annual dose histories for nominal
performance and as intermediate performance
measures, where appropriate. All analyses
described in this section use 100 realizations of the
TSPA base-case model (as modified for the one-off
sensitivity analyses), and the results are compared
to those of the TSPA-SR model base case.
Extended Climate Model--A supplemental sensi
tivity analysis was conducted in which the
extended climate model (CRWMS M&O 2000a,
Section 3.2.5) was used, but the rest of the model
was the same as the TSPA-SR model base case. A
comparison of the calculated mean annual dose to
the receptor for this analysis with the TSPA-SR
model base case is discussed in Volume 2, Section
3.2.1 of FTOI Supplemental Science and Perfor
mance Analyses (BSC 2001b). Each TSPA
simulation is a combination of the low-, medium-,
and high-infiltration cases (BSC 2001b, Section
3.2.1.1). The probabilities for the infiltration cases
are the same for both simulations. The calculated
dose peaks during the glacial climates because of
the increased seepage during those periods. Rela
tively little change in dose is projected during the
first glacial climate (at 38,000 years) because the
drip shields and waste packages will still be largely
intact at that time (CRWMS M&O 2000a, Section
4.1), and they divert most of the seepage water
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around the waste packages during that period. The
seepage flow rate increases during the glacial
climates and decreases during the interglacial
climates, as compared to the TSPA-SR base-case
model. The interglacial periods occur at 65,000
years, 137,000 years, etc. (CRWMS M&O 2000a,
Table 3.2-4). Despite the large increase in infiltra
tion during the glacial periods, the number of waste
packages that are subjected to seepage is less than
20 percent higher than the TSPA-SR base-case
model.

The seepage fractions in the updated seepage
abstraction are lower because of the inclusion of
the lower-lithophysal seepage data; on average,
less than half as many waste packages are exposed
to seepage in the updated seepage case.
Effects of Flow Focusing on Seepage--The flow
focusing factor implied by the new modeling can
be bounded by an exponential distribution, with a
minimum focusing factor of 1 and a mean focusing
factor of 2. This distribution was substituted for the
TSPA-SR base-case distribution for a TSPA sensi
tivity analysis. The comparison of the computed
mean annual dose for the supplemental TSPA anal
ysis with the TSPA-SR model base case is
discussed in Volume 2, Section 3.2.2 of FYOI
Supplemental Science and Performance Analyses
(BSC 2001b).

Updated Seepage Model and Abstraction
Releases from the engineered barrier system are
computed for 30 environmental groups that are
based on infiltration, waste type, and seepage
condition. Each environmental group is associated
with one of five infiltration categories. The range
for the categories are 0 to 3 mm/yr, 3 to 10 mm/yr,
10 to 20 mm/yr, 20 to 60 mm/yr, and greater than
60 mm/yr. A supplemental sensitivity analysis was
conducted in which the revised seepage abstraction
was used, but the rest of the model was the same as
the TSPA-SR model base case. A comparison
between the mean annual dose for the case with the
revised seepage abstraction and the TSPA-SR base
case is discussed in Volume 2, Section 3.2.2 of
FYOI Supplemental Science and Performance
Analyses (BSC 2001b). The results are essentially
the same except near 60,000 years, where the
sensitivity case is higher than the TSPA-SR model
base case. That difference was traced to one real
ization in which the seepage flow rate was nearly
ten times higher than in the TSPA-SR model base
case- for some environmental groups, causing the
pulse of advective releases from the initial cladding
failures in the commercial spent nuclear fuel to
occur earlier than in the TSPA-SR model base case
(BSC 2001b, Section 3.2.2).
The distributions of seepage flow rate are different
in the updated seepage abstraction compared to
those in the TSPA-SR model base case, but not
greatly different. For example, Volume 2, Section
3.2.2 of FYOJ Supplemental Science and Perfor
mance Analyses (BSC 2001b) discusses a
comparison of the mean seepage flow rate for two
of the environmental groups. The increase in
seepage after 2,000 years is caused by the change
from monsoon climate to glacial-transition climate.

The dose comparison shows little difference
between the two TSPA simulations even though
there is a significant difference in the amount of
seepage. Because of the lesser amount of flow
focusing in the sensitivity case, the mean seepage
flow rate is lower in that case by nearly a factor of
10 (BSC 2001b, Section 3.2.2). By definition, the
mean seepage flow rate is the seepage flow rate
averaged only over locations that have seepage.
With flow focusing, the percolation flux is higher
in the locations that have percolation, which then
produces higher seep rates in those locations. At
the same time, less flow focusing* makes the
seepage fractions higher in the sensitivity case;
approximately 50 percent more waste packages are
exposed to seepage in that case than in the
TSPA-SR model base case (BSC 2001b, Section
3.2.2.3). The number of waste packages that
always receive seepage actually declines, but the
number of waste packages that receive seepage
only some of the time increases. A high flow
focusing factor increases the chances of seeping all
the time, because the focusing enhancement can
increase the local percolation flux above the
seepage threshold flux even during the dry,
present-day climate.
Comparisons of advective releases from the engi
neered barrier system for technetium-99 and
neptunium-237 are discussed in Volume 2, Section
3.2.2 of FYO Supplemental Science and Perfor-
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mance Analyses (BSC 2001b). The advective
releases are not as different as might be expected
from the difference in seepage between the supple
mental TSPA model sensitivity case and the
TSPA-SR base case. The simulated releases largely
are limited by the rate at which the waste inventory
is exposed (e.g., by waste-package and cladding
failure) and available for transport. In addition,
much of the radionuclide release is diffusive rather
than advective, especially for technetium-99
(CRWMS M&O 2000a, Section 4.1.2), and diffu
sive releases are not affected by seepage in the
TSPA model. Together, the large amount of diffu
sive release and the relatively small change in the
advective release as the seepage changes lead to
the small change in doses (BSC 2001b, Section

3.2.2).
Effects of Episodic Flow on Seepage-A supple
mental sensitivity analysis was conducted in which
the episodicity distribution was included in the
seepage abstraction, but all other parts of the model
were the same as the TSPA-SR model base case. A
comparison was made between the mean annual
dose for that case and the base case in the supple
mental TSPA model (BSC 2001b, Section 3.2.2),
and the mean annual dose for the sensitivity case is
higher than the TSPA-SR model base case after
about 40,000 years. The first general-corrosion
penetrations of the waste packages occur at about
40,000 years. Before that, no seepage water enters
the waste packages in the TSPA-SR model
(CRWMS M&O 2000a, Section 4.1.2).
Effects of Drift Degradation and Rock Bolts an
Seepage-Recent results show that there is prob
ably no significant increase of seepage because of
drift degradation or the presence of rock bolts, but
it was also noted that TSPA results are not
expected to be sensitive to a change of only
50 percent in the seepage flow rates (BSC 2001 a,
Section 4.3A.6). Because there is uncertainty about
the effects of drift degradation on seepage, with
significant increases in seepage possible in some
locations, the 50-percent seepage enhancement is
retained for the analyses in this report.
Thermal Effects on Seepage-Several recent
supplemental analyses have been conducted to esti
mate the amount of seepage reduction during the

period when there is a vaporization barrier around
the drifts (BSC 2001a, Section 4.3.5). Those anal
yses found that little, if any, liquid flow reaches the
drifts when there is an above-boiling zone around
them.
An alternative model is evaluated in which seepage
is reduced to zero when the drift wall is above
boiling. This change has no effect on doses in the
nominal scenario because all waste packages and
drip shields remain intact until well past the boiling
period in the TSPA-SR model base case (e.g.,
CRWMS M&O 2000a, Section 4.1). Thus, to
determine if there is some effect, this supplemental
sensitivity analysis was performed using a case in
which there are no drip shields and there is a patch
failure in each waste package at 100 years after
closure.
Volume 2, Section 3.2.2 of FY01 Supplemental
Science and Performance Analyses (BSC 2001 b)
reports on a comparison of the mean annual dose
for this supplemental sensitivity case with the case
that has neutralized waste packages and drip
shields and the TSPA-SR model base-case seepage
model. The calculated doses arc reduced for
approximately the first 500 years because of the
reduction in advective releases caused by elimi
nating seepage while the drifts are above boiling.
Diffusive releases also are relatively low during
this period (in both cases) because heat from the
waste packages reduces the moisture content, and
thus the diffusion coefficient, in the invert. Volume
2, Section 3.2.2 of FY01 SupplementalScience and
Performance Analyses (BSC 2001b) discusses
time-histories of drift-wall temperature that were
used for the five infiltration bins. Information
about the infiltration bins and the thermal hydro
logic model can be found in Sections 3.3.2 and
3.3.3 of Total System PerformanceAssessment for
the Site Recommendation (CRWMS M&O 2000a).
The drift walls are only above boiling temperature
(at the repository elevation, the boiling temperature
is approximately 96*C [205*F]) for about 300
years or less, depending on the infiltration bin; thus
the supplemental seepage model is only changed
from the base-case seepage model for about 300
years. The change in seepage for commercial spent
nuclear fuel with 20 to 60 mm/yr (0.8 to 2.4 in./yr)
infiltration and seepage some of the time is
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discussed in Volume 2, Section 3.2.2 of FYO1
Supplemental Science and Performance Analyses
(BSC 2001 b). As expected, the mean• seepage flow
rate is only different from the base case for a little
over 300 years.
Combined Effects of Seepage-In this section,
results are presented for a supplemental sensitivity
analysis in which the changes of the preceding
sections are combined. This alternative seepage
model includes:

" The updated seepage abstraction (BSC

drip shields makes this supplemental case more
advection-dominated than was the TSPA-SR
model, especially at early times (BSC 2001b,
Section 3.2.2; CRWMS M&O 2000a, Section 4.1).
Releases from the engineered barrier system are
computed for 30 environmental groups that are
based on infiltration, waste type, and seepage
condition. Each environmental group is associated
with one of five infiltration categories. The range
for the categories are 0 to 3 mm/yr, 3 to 10 mm/yr,
10 to 20 mm/yr, 20 to 60 mm/yr, and greater than
60 mm/yr.

2001 b, Section 3.2.2.2)

"* The updated distribution for the flow-focus
ing factor (BSC 2001b, Section 3.2.2.3)

"* The distribution of the episodicity factor
(BSC 2001b, Section 3.2.2.4)

"* The reduction in seepage by a sampled factor
between 0 and 0.2 when the drift wall is
above boiling (BSC 2001b, Section 3.2.2.6).
This supplemental sensitivity analysis was
performed to see the effect of changes in seepage
during the boiling period using the case with
neutralized waste packages and drip shields
(CRWMS M&O 2001a, Volume 2, Section 3.4.2).
The mean annual dose for this supplemental sensi
tivity case was compared with the case that has
neutralized waste packages and drip shields and the
TSPA-SR base-case seepage model in Volume 2,
Section 3.2.2 of FY01 Supplemental Science and
PerformanceAnalyses (BSC 2001b). For the modi
fied seepage model, the mean annual dose is about
a factor of two higher than the TSPA-SR model at
all times. Because the thermal seepage-reduction
factor is sampled between 0 and 0.2, there is only
one tenth as much seep flow, on average, as in the
TSPA-SR model when the drift wall is above
boiling. However, the seepage reduction apparently
causes no reduction in dose during the boiling
period similar to the reduction when seepage was
eliminated (BSC 2001b, Section 3.2.2.6). The
results show that even a small amount of seepage is
enough to provide for release of the highly soluble
species (in particular, technetium-99 and iodine
129). The neutralization of waste packages and

The change in seepage for commercial spent
nuclear fuel with 20 to 60 mm/yr (0.8 to 2.4 inJyr)
infiltration and seepage some of the time is
discussed in Volume 2, Section 3.2.2 of FY01
Supplemental Science and Performance Analyses
(BSC 2001b). The mean supplemental seepage
flow rate fbr seepage of 20 to 60 mm/yr for the
combined seepage modifications is lower than in
the TSPA-SR base-case seepage model by a factor
of a little over two at late times and by a factor of
ten or more during the boiling period. In these
analyses, the mean annual dose increases slightly
even though the mean seepage flow rate decreases
because the number of waste packages exposed to
seepage triples. Over one-third of the waste pack
ages are in locations with seepage in the modified
seepage model. The increase in seepage fraction
occurs because two changes, lower flow-focusing
factors and inclusion of episodicity, tend to
increase the seepage fraction (BSC 2001b,
Sections 3.2.2.3 and 3.2.2.4), while only one
change, inclusion of data from the lower-litho
physal unit in the seepage abstraction, tends to
reduce the seepage fraction (BSC 2001b, Section
3.2.2.2).
Analyses of In-Drift Thermal-Hydrologic
Conditions--Sensitivity of calculated perfor
mance to in-drift temperatures is shown in the
comparison of the results for the designs with and
without backfill. The results for these two cases
(CRWMS M&O 2000a, Section 4.6) suggest that
there is little difference between the TSPA-SR
model and supplemental TSPA model estimates of
system performance (BSC 2001b, Section 3.2.3).
However, the use of bounding approximations for
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assessing thermal effects limits their usefulness in
sensitivity studies. The sensitivity to in-drift
thermal-hydrologic conditions is inferred, to some
extent, in studies (CRWMS M&O 2000a, Sections
5.2.1 and 5.3.1) that examined the range of flow
conditions in the unsaturated zone. Variations in
unsaturated zone percolation fluxes due to thermal
influences result in variations in drift moisture
fluxes (BSC 2001b, Section 3.2.3).
Drift Degradation-Supplemental sensitivity
studies of drift degradation are reported in Volume
1, Section 6.3.4 of FY01 Supplemental Science and
PerformanceAnalyses (BSC 2001a). These studies
examine uncertainties in the rock fall model multi
plier and in the correction for sub-horizontal
fractures, consider a wide range in the size of the
fractures to determine the effects on rock fall, and
are conducted using a large number of realizations
in the Monte Carlo simulations. The results do not
show significant increases in the estimate of the
size or density of rock fall over that obtained previ
ously. Consequently, TSPA calculations of their
effects on the estimate of annual dose have not
been conducted.
work
Chemistry-Supplemental
In-Drift
regarding the chemistry of incoming seepage and
the evolution of chemistry within the emplacement
drift has been evaluated at the subsystem level
(BSC 2001b, Section 3.2A). Results of subsystem
sensitivity studies of the thermal-hydrologic model
and the precipitates and salts model are reported in
Volume 1, Sections 6.3.1, 6.3.3, and 6.4 of FY01
Supplemental Science and Performance Analyses
(BSC 2001a). These analyses have been incorpo
rated in supplemental evaluations of performance.
Results using the supplemental TSPA model show
no significant effect on the estimate of mean
annual dose (BSC 2001 a, Section 3.2.4). Although
the solubilities of radionuclides are affected by
these changes and the attendant effects on the in
drift chemistry, residence time in the Invert is a
sufficiently small fraction of the transport time that
"thiseffect apparently is not significant. This result
is consistent with previous sensitivity studies
(CRWMS M&O 2000a, Section 5.2).

Aging of Alloy 22-To evaluate the potential
importance of aging due to phase instability of
Alloy 22, an analysis was conducted using a
supplemental TSPA model for these effects. In this
supplemental TSPA model, the probability of aging
enhancement to the corrosion rate was assumed to
be 0.0001, and the effect of aging was assumed to
enhance the general corrosion rate by a factor of
1,000. These values were used because they are
considered conservative.
Supplemental TSPA model results using this anal
ysis are discussed in Volume 2, Section 3.2.5 of
FY01 Supplemental Science and Performance
Analyses (BSC 2001b). In addition to the change in
the representation of the aging enhancement, this
supplemental TSPA model reflects updates to the
TSPA-SR base-case waste package and drip shield
model discussed previously.
This supplemental analysis shows that the
TSPA-SR model is conservative after 20,000 years.
Before this time, the annual dose in the supple
mental TSPA model is greater than that in the
TSPA-SR base-case analysis; however, the esti
mated mean annual dose is small (i.e., a peak mean
dose of 0.08 mrem/yr over a 10,000-year period),
even using the extreme parameters of this model.
Stress Corrosion Cracking-Additional consider
ations of the sources of uncertainty in the stress
corrosion cracking model (BSC 2001a, Section
7.3.3) result in supplements to the stress corrosion
cracking model. The effects of these refinements
on the estimate of mean annual dose are evaluated
in three supplemental calculations that address the
expanded range of considerations for the residual
stress profile of the closure weld regions, the
threshold stress for stress corrosion cracking crack
initiation, and the orientation of the weld flaws
(BSC 2001b, Section 3.2.5). The models used for
these analyses are discussed in Volume 1, Section
7.3.3 of FY01 Supplemental Science and Perfor
mance Analyses (BSC 2001a), and updates to the
TSPA-SR base-case degradation model are
discussed in Volume 2, Section 3.2.5 of FYO1
Supplemental Science and Performance Analyses
(BSC 2001b). The effects of waste package degra
dation on all of these changes are summarized in
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Volume 1, Section 7.4.2 of FYO1 Supplemental
Science and PerformanceAnalyses (BSC 2001 a).
General Corrosion-The comparison of the
TSPA-SR model and supplemental TSPA model
results using a probability distribution for general
corrosion that reflects uncertainty shows a differ
ence in the estimate of mean annual dose due to
different parameter distributions and different
conceptual models used. In the TSPA-SR model,
conservative assumptions lead to earlier failure by
corrosion and shorter waste package lifetimes. The
neglect of uncertainty due to variability effectively
narrows the temporal failure distributions for the
drip shield and waste package associated with
general corrosion. This narrowing leads to later
initial failures of the drip shields and waste pack
ages. The earliest release is delayed in the
supplemental TSPA model compared to the
TSPA-SR model because of this later initial failure
of these components (BSC 20011b, Section 3.2.5).

polarization test results. Because the rate of waste
package failures is much lower in the first 100,00
years in the supplemental TSPA model, the mean
annual dose is significantly lower than the
TSPA-SR base-case result The peak mean annual
dose during the first 100,000 years is approxi
mately 0.1 mrem/yr. The variance in the estimate
of annual dose using the supplemental tempera
ture-dependent model is discussed in Volume 2,
Section 3.2.5.3 of FYO1 Supplemental Science and
Performance Analyses (BSC 2001b). Because of
the larger variance in the degradation rate due to
the treatment of uncertainty, variance in the supple
mental estimate of annual dose using the
temperature-dependent model is somewhat larger
than that for the TSPA-SR base-case general corro
sion model.

A second source of uncertainty in the TSPA-SR
model is the temperature dependence of the general
corrosion rate. Supplemental analyses of the
temperature dependence of the general corrosion
rate for Alloy 22 have been conducted (BSC
2001a, Section 7.3.5). The net effect of the temper
ature dependence is that, while waste package
temperatures are greater than 60oC (140OF) (for
approximately the first 10,000 years), Alloy 22
general corrosion rates are higher than in the
TSPA-SR model. After 10,000 years after closure,
the general corrosion rate is lower and the net
effect is that, on average, the rate of waste package
failure is much lower in the supplemental TSPA
model than in the TSPA-SR base-case model.

Early Failure of the Waste Package-In the
TSPA-SR model, no releases occur before 10,000
years. In reevaluating the potential of early failure
mechanisms and their potential consequences, a
more conservative approach resulted in the inclu
sion of improper heat treatment leading to the
possible subsequent failure of a few waste pack
ages in the TSPA supplemental analysis. The
nonmechanistic early waste package failure
assumes failure of both the inner and outer Alloy
22 lids and the stainless steel inner lid. To ensure
that the potential consequence of early waste
package failures is treated conservatively, it is
included in the nominal scenario, not as a sensi
tivity analysis. Volume 1, Section 7.3.6 of FY01
Supplemental Science and Performance Analyses
(BSC 2001a) describes the model developed for
the potential consequences of improper heat treat
ment of a waste package.

The results of the estimates of the annual dose
using the updated supplemental waste package
degradation rate are compared with the results
using the TSPA-SR base-case (temperature inde
pendent) general corrosion model in Volume 2,
Section 3.2.5 of FY01 Supplemental Science and
Performance Analyses (BSC 2001b). Volume 2,
Section 3.2.5.3 of FY01 Supplemental Science and
PerformanceAnalyses (BSC 2001b) compares the
TSPA-SR base-case result to the results in which
the temperature dependence of the general corro
sion rate is developed from the potentiostatic

Evaporative Reduction of Seepage-Supple
mental analyses (BSC 2001a, Section 8.3.1)
indicate that, because waste packages remain intact
during the period when. evaporative reduction of
the flow might be important, little effect on radio
nuclide release is expected. Comparison of
supplemental analyses including this effect with
the results using the TSPA-SR base-case model
confirm this expectation: there is no discernible
difference between the results with or without the
evaporative reduction (BSC 2001a, Figure
3.2.6.1-1).
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Condensation Under the Drip Shield-Supple
mental sensitivity analyses using the TSPA-SR
base-case model for invert and drip shield tempera
ture indicate condensation under the drip shield
throughout the potential repository, even in areas in
which no seepage occurs. In this event, there would
be advective flow throughout the repository during
the early thermal period in spite of the drip shield.
Because the effects of condensation are not signifi
cant while the waste packages remain intact, the
sensitivity analysis modeled the potential effect of
condensation by assuming an early failure of a
waste package (BSC 2001b, Section 3.2.6.2). For
the supplemental sensitivity analyses, the fraction
of water reaching the waste package is sampled
from a uniform probability distribution that ranges
between zero and one.
In the assumed scenario, the peak mean annual
dose rate is increased in the first 10,000 years from
about 10-2 mrem/yr to slightly less than 10-1
mrem/yr. However, the effect would be negligible
in nominal scenarios in which waste packages do
not experience the early failures. This effect
remains screened from TSPA analyses for several
reasons (BSC 2001 b, Section 1.3).

"Thermalconditions required for water to con
dense under the drip shield are short-lived,
limited only to the first few thousand years
after emplacement when the waste packages
remain largely unaffected by degradation
(BSC 2001b, Section 3.2.6.2; see also
Section 4.2.5 of this report).

" The model does not account for bias in the
thermal model, which overestimates the
potential for condensation to occur (BSC
2001b, Section 3.2.6.2).

" Condensate will tend to flow down the under
side of the drip shield rather than falling
directly onto the waste package (BSC 2001 b,
Section 3.2.6.2).
Geometrical Constraint on Flow through the
Waste Package-The fraction of water flowing
through the waste package may be different from
the assumption used in the TSPA-SR model base

case to define the fraction. There are geometrical
constraints on this flow if the waste package
breaches are not directly under the drip shield
breaches. The supplemental analyses in Volume I,
Section 8.3.3 of FYO0 Supplemental Science and
Performance Analyses (BSC 2001a) develop a
more realistic representation for this fraction. The
difference in the resulting estimate of annual dose
is discussed in Volume 2, Section 3.2.6.3 of FYO0
Supplemental Science and Performance Analyses
(BSC 2001 b).
Patch breaches do not develop on the drip shield
until well after a 10,000-year period. Consequently,
the supplemental TSPA model shows no change in
the estimate of mean annual dose from that calcu
lated with the TSPA-SR base-case model. After
10,000 years, the geometrical constraint reduces
the flux through the waste package, resulting in a
reduction in the release of neptunium-237 and
other solubility-limited radionuclides. The effect is
a modest reduction in the mean annual dose due to
this change in the source term (BSC 2001b,
Section 3.2.6.3).
Bathtub Effect--:Before development of any
breach in the bottom of the waste package, water
entering a breach in the top of the waste package
would accumulate as in a bathtub. After a breach is
formed in the bottom, the water could drain. The
impact of this accumulation and subsequent
drainage is considered in Volume 1, Section 8.3.4
of FYO0 Supplemental Science and Performance
Analyses (BSC 2001a).
The effects on estimate of mean annual dose rate
projected by the supplemental TSPA model are
analyzed in Volume 2, Section 3.2.6.4 of FY01
Supplemental Science and Performance Analyses
(BSC 2001b). The effect on the estimate of annual
dose is small. First, only a fraction of the waste
packages in the potential repository are contacted
by water, and only a fraction of these have a suffi
cient delay of breaching in the bottom (after
breaching in the top) to provide a significant
bathtub effect. In addition, although accumulations
in this small fraction of waste packages can be
substantial (on the order of I m 3 [35 ft3] of water
for an average waste package in an area with
seepage), the accumulated water drains rapidly and
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has a short-term effect. Diffusive releases from the
engineered barrier system depend only on the
concentration of radionuclides in the water and not
the additional mass and therefore are not affected.
Advective releases from the engineered barrier
system are affected but only over a short period,
and the net effect averaged over an entire time step
of several hundred years is small.
In-Package Chemistry-The TSPA-SR base-case
model for in-package chemistry is a simple mixing
cell (CRWMS M&O 2000a, Section 3.5.2.1). As
indicated in Volume 1, Section 9.3.1 of FYO1
Supplemental Science and Performance Analyses
(BSC 2001a), the TSPA-SR model uses conserva
tively high dissolution rates. The supplemental
TSPA analyses consider a model in which these
dissolution rates are represented more realistically.
Calculations of total system performance using this
supplement in-package chemistry range are
compared with the results using the TSPA-SR
model in Volume 2, Section 3.2.7 of FYO1 Supple
mental Science and Performance Analyses (BSC
2001b). Section 3.2.7 (BSC 2001b) also discusses
the comparison of the mean annual dose curves
calculated with the two models (TSPA-SR model
and supplemental TSPA model) and the range of
realizations calculated using the supplemental
TSPA model.
The results show significant effects after about
40,000 years when the contributions from
neptunium-237 and other actinides begin to domi
nate the estimate of mean annual dose (BSC
2001b, Section 3.1.1). The change in chemistry
does not have a significant effect on the waste form
degradation rate that controls the concentrations of
technetium-99 or iodine-129, radionuclides that
dominate the annual dose estimate in the first
40,000 years (BSC 2001b, Section 3.1.1). The
modified water chemistry, however, affects the
solubility limits of neptunium, plutonium, and
other actinides; therefore, it affects the annual dose
from the associated isotopes with concentrations
that are determined by these solubility limits.
Commercial Spent Nuclear Fuel Cladding
Degradation--The supplemental TSPA analyses
(BSC 2001a, Section 9.3.3) consider information
regarding the range of uncertainties in models for

cladding degradation processes in addition to that
considered in Total System Performance Assess
ment for the Site Recommendation (CRWMS
M&O 2000a). In particular, the probability distri
bution for creep and stress corrosion cracking
during dry storage is modified to reflect a more
realistic representation of creep failure. The result
is a reduction in the estimate of early cladding fail
ures: the mean fraction of early cladding failures is
reduced from about 8 percent to about 1 percent.
The supplemental analyses (BSC 2001a, Section
9.3.3) also consider the probability distributions for
localized corrosion and cladding unzipping. The
ranges for these distributions are expanded to take
into account additional uncertainty considerations.
The effect in this case is greater variance in the
distribution of cladding failures. The supplemental
analyses also consider perforations due to static
loading by fallen rock. These considerations lead
to increased degradation of the cladding after suffi
cient degradation of the waste package, and drip
shield occurs to permit the rocks to rest directly on
the waste form.
The effects of the additional cladding degradation
uncertainty on the annual dose estimate are evalu
ated in Volume 2, Section 3.2.7.2 of FY01
Supplemental Science and Performance Analyses
(BSC 2001b). The conceptual model for the clad
ding degradation is summarized in Volume 1,
Section 9.4 of FY01 Supplemental Science and
Performance Analyses (BSC 2001a), and the
implementation for these analyses is described in
Appendix A. The small reduction in the mean
annual dose in the period projected by the supple
mental TSPA model arises largely from the
reduction in early cladding failure. The other
changes to the supplemental cladding degradation
model do not result in significant changes to the
estimate of mean annual dose in the first 100,000
years (BSC 2001a, Section 3.2.7.2).
In-Package Radionuclide Solubility LimitsSupplemental analyses reported in Volume I,
Section 9.3.2 of FY01 Supplemental Science and
Performance Analyses (BSC 2001a) consider a
wider range for the uncertainty in the effect of the
controlling phases for plutonium, neptunium,
thorium, and technetium. The effects of the
extended range of uncertainty in these concentra-
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tion limits, along with the effects on in-package
chemistry (e.g., pH), are assessed in Volume 2,
Section 3.2.7.3 of FY01 Supplemental Science and
Performance Analyses (BSC 2001b). Volume 2,
Section 3.2.7.3 of FY01 Supplemental Science and
PerformanceAnalyses (BSC 2001b) compares the
mean annual dose taking these supplemental
effects into account with the results using the
TSPA-SR base-case model. Volume 2, Section
3.2.7.3 of FY01 Supplemental Science andPerfor
mance Analyses (BSC 2001b) analyzes the
contributions of the various radionuclides to the
total mean annual dose estimate when these effects
are taken into account
The results of the supplemental analysis (BSC
2001a, Section 3.2.7.3) show significant changes
after the waste packages are breached. As indicated
previously, neptunium-237 dominates the annual
dose estimate in the nominal scenario (BSC 2001b,
Section 3.1.1); therefore, changes to the solubility
limit of this radionuclide have a large effect on the
estimate of total mean annual dose. The estimates
for other radionuclides also are reduced by the
changes in solubility limits. In particular, the mean
annual dose from the plutonium isotopes is reduced
by about a factor of three. The overall effect of
these supplemental changes is to reduce the esti
mate of mean annual dose by a factor of more than
five.
In-Package Colloid Associated Radionuclide
Concentrations-The supplemental TSPA anal
yses (BSC 2001a, Section 9.3.4) extend the range
of uncertainties in these colloid-assisted concentra
tions and examined sensitivity over this range. The
effect of using the colloid concentration and sorp
tion model, considered in Volume I of FY01
Supplemental Science and PerformanceAnalyses
(BSC 2001a), is discussed in Volume 2, Section
3.2.7.4 of FY01 Supplemental Science and Perfor
mance Analyses (BSC 2001b), which compares the
mean annual dose curves for the TSPA-SR base
case and the new colloid models and presents the
range of the results for the new colloid model.
There is little difference between the mean annual
doses calculated using these models. In part, the
small difference reflects the fact that the mean
annual dose is dominated by dissolved radionu
clides. However, even the comparison of the results

for the colloids alone would show little change in
the mean annual dose because the mean values of
the probability distribution in the two models are
virtually the same.
Analyses of Radionuclide Transport In the Engi
neered Barrier System-Supplemental analyses
of radionuclide transport in the engineered barrier
system are described in Volume 1, Section 10.3 of
FYO Supplemental Science and Performance
Analyses (BSC 2001 a). These analyses include the
treatment of diffusion and sorption in the engi
neered barrier system. The TSPA-SR base-case
model does not account for diffusive transport
processes within the waste package. Including in
package diffusive transport in the TSPA-SR model
results in a modest reduction in dose calculations
(BSC 2001b), Section 3.2.8, Figure 3.2.8-1)
One possible reason for the small difference in
these two estimates is the diffusion coefficient used
for transport within the waste package. Diffusive
resistance to radionuclide transport has been shown
to be sensitive to the conservative diffusion coeffi
cient used in TSPA calculations, whether applied in
the invert or internal to the waste package (BSC
2001b, Section 3.2.8; CRWMS M&O 2000a,
Section 5.3.5).
The second consideration is the effect of sorption
on radionuclide transport in the engineered barrier
system, in particular, the effect of iron corrosion
products on reversible and irreversible sorption in
the invert and within the waste package. The
TSPA-SR base-case model assumes no sorption of
dissolved species within the engineered barrier
system. However, Volume 1, Section 10.3.4 of
FYO1 Supplemental Science and Performance
Analyses (BSC 2001a) considers the conservative
nature of this assumption and develops a model for
the sorption of radionuclides in the engineered
barrier system.
The reduction in mean annual dose after 10,000
years projected by the supplemental TSPA model
as compared to the TSPA-SR model derives from
two principal effects. The first is the reduction in
concentrations in the liquid phase due to the parti
tioning of the concentrations between the liquid
phase and the solid phases not considered in the
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TSPA-SR base-case model, the result of which
reduces the source term of many of the contrib
uting radionuclides. The second is the effect of
sorption on the diffusive transport, which effec
tively reduces the diffusion coefficient and
increases the diffusion resistance of in-package
transport. These two effects combine to decrease
the source term and the resulting mean annual dose
estimate (BSC 2001 b, Section 3.2.8, Figure
3.2.8-2).
Effects of the Drift- Shadow Zone-In the
TSPA-SR base-case model, radionuclide releases
from the engineered barrier system are released
into the fracture continuum of the unsaturated zone
transport model (CRWMS M&O 2000a, Section
3.7.2). This choice is conservative in that fracture
transport is faster than matrix transport.
As an initial estimate of the effect of the presence
of the drift on unsaturated zone transport, a sensi
tivity analysis was performed in which advective
releases from the potential repository were released
into the fracture continuum of the unsaturated zone
transport model, as in the TSPA-SR base case, but
diffusive releases were released into the matrix
continuum of the model instead (BSC 2001 a,
Section 11.3.1.6.1).
The sensitivity analysis uses the TSPA-SR base
case assumption of a zero-concentration boundary
condition at the drift wall for calculating diffusive
releases from the engineered barrier system
(CRWMS M&O 2000a, Section 3.6.2.2).
The results of this sensitivity analysis are shown in
a comparison of the mean annual dose for this case
with that of the TSPA-SR model (BSC 2001b,
Section 3.2.9.2). The results show a delay of
approximately 10,000 years in the mean annual
dose for the drift-shadow case as compared to the
TSPA-SR model. The effect is as large as it is
because a large portion of the radionuclide releases
are diffusive, especially for technetium-99
(CRWMS M&O 2000a, Section 4.1) and because
transport through the matrix is slower than trans
port through the fractures.
Unquantified Uncertainties in the Saturated
Zone--The saturated zone flow-and-transport

model was evaluated with respect to unquantified
uncertainty to determine the parts of the model to
change to provide a better representation of the
saturated zone. A detailed discussion of the
changes made to the saturated zone modeling is
presented in Volume 1, Section 12.5.1 and Table
12.5.1-1 of FYO0 Supplemental Science and
PerformanceAnalyses (BSC 2001 a).
The impact of the changes made to the saturated
zone flow and transport model by the evaluation of
unquantified uncertainty is shown in Volume 2,
Section 3.2.10 of FYO1 Supplemental Science and
Performance Analyses (BSC 2001b), which
compares the mean annual dose for the TSPA-SR
base-case model with the mean annual dose calcu
lated using the supplemental saturated zone model.
Volume 2, Section 3.2.10 of FYO0 Supplemental
Science and Performance Analyses (BSC 2001b)
discusses the results for the multiple realizations of
the supplemental saturated zone model. There is
virtually no difference between the mean annual
doses calculated using the TSPA-SR saturated zone
model and the supplemental saturated zone model
(BSC 2001b, Section 3.2.10). This uncertainty
evaluation provides confidence that the saturated
zone modeling used in the TSPA-SR model is a
relatively robust description of uncertainty in the
saturated zone system and that the uncertainty
included in the modeling was adequate for the
TSPA-SR nominal case.
No Matrix Diffusion In the Saturated ZoneThe mean annual dose calculated in the TSPA-SR
model (CRWMS M&O 2000a, Section 4.1) is
compared with the mean annual dose calculated
without the effects of matrix diffusion in the satu
rated zone in Volume 2, Section 3.2.10 of FYO1
Supplemental Science and Performance Analyses
(BSC 2001b). This section also discusses the
results of the multiple realizations of the TSPA for
the saturated transport model without matrix diffu
sion.The differences between the models with and
without matrix diffusion are slight (BSC 2001b,
Section 3.2.10.2.2).
Increased Matrix Diffusion In the Saturated
Zone-Volume 2, Section 3.2.10 of FYO1 Supple
mental Science and Performance Analyses (BSC
2001b) compares the mean annual dose calculated
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in the TSPA-SR model with the mean annual dose
calculated with enhanced matrix diffusion in the
saturated zone transport model, as described in
Volume 1, Section 12.5.2.2 of FY01 Supplemental
Science and Performance Analyses (BSC 2001a).
Volume 2, Section 3.2.10 of FY01 Supplemental
Science and Performance Analyses (BSC 2001b)
presents the results of the multiple realizations of
the supplemental TSPA model for the saturated
zone transport model with enhanced matrix diffu
sion. The differences in expected annual dose
between the model with matrix diffusion and the
model with enhanced matrix diffusion are gener
ally less than 20 percent, and the simulated doses
are somewhat lower for the model with enhanced
matrix diffusion, as expected (BSC 2001b, Section
3.2.10).
Minimum Flow-Path Length in the Alluvium
The mean annual dose calculated for the TSPA-SR
model base case is compared with the mean annual
dose calculated with minimal alluvium in the
groundwater transport path in Volume 2, Section
3.2.10 of FY01 Supplemental Science and Perfor
mance Analyses (BSC 2001b). There is only a
slight difference (generally less than 10 percent) in
results, with the minimal-alluvium case showing
slightly higher simulated dose, as expected. The
results of the sensitivity analysis examining the
minimum flow path length in the alluvium are
approximately consistent with the expected
behavior of the system, when the impacts of glacial
climatic conditions and higher specific discharge
are considered.
Increased Uncertainty in the Colloid-Facilitated
Transport Models-The results of the colloid
sensitivity study for the saturated zone are
discussed in Volume 2, Section 3.2.10 of FY01
Supplemental Science and Performance Analyses
(BSC 2001b). The simulated dose for changes only
in the saturated zone flow-and-transport model are
presented in Volume 2, Section 3.2.10 of FY01
Supplemental Science and Performance Analyses
(BSC 2001b). Doses for changes in all relevant
components of the supplemental TSPA model
(with regard to colloid-facilitated transport) are
discussed in Volume 2, Section 3.2.10 of FY01
Supplemental Science and Performance Analyses
(BSC 2001b). There is virtually no difference in

the mean annual dose using the supplemental
representation of colloid-facilitated transport with
increased uncertainty compared with the base-case
colloid model used in the TSPA-SR model. The
two radionuclides that comprise greater than
approximately 70 percent of the annual dose in the
TSPA-SR model (CRWMS M&O 2000a, Section
4.1) are technetium-99 at earlier times and
neptunium-237 at later times. Both of these radio
nuclides are transported as solute and thus are
unaffected by the new colloid model. Also, in the
new colloid model, the means of the distributions
(for colloid concentrations, sorption coefficients
for radionuclides onto colloids, and sorption coeffi
cients for radionuclides onto the rock matrix and
alluvium) are similar to values used in the
TSPA-SR model, and thus the mean behavior is not
expected to be significantly different.
Updated Saturated Zone Flow and Transport
Model for Supplemental TSPA Model Anal
yses-Simulated mean annual doses for the
TSPA-SR base-case model (CRWMS M&O
2000a) are compared to the results of the supple
mental TSPA model using the updated saturated
zone flow and transport model in Volume 2,
Section 3.2.10 of FY01 Supplemental Science and
PerformanceAnalyses (BSC 2001 b). These results
indicate that the changes to the updated saturated
zone flow and transport model have little overall
impact on the simulated mean annual dose in the
supplemental TSPA analyses. The influences of
higher values of bulk density in the alluvium and
lower sorption coefficients for iodine-129 and
technetium-99 on the simulated annual dose tend to
counteract one another. In addition, the mean
annual dose is influenced by a few of the highest
dose realizations at any particular time in a TSPA
simulation. If these highest-dose realizations are
the ones in which the importance of the retardation
of key radionuclides is diminished (e.g., by low
sorption coefficients or short path length in the
alluvium), then the impact of the updated values of
alluvial bulk density on the mean annual dose
would be minimal.
Analyses of the Biosphere-Since the biosphere
modeling for the TSPA-SR model, the supporting
documentation for the biosphere has been revised,
including updates of some parameter values.
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The relatively small effect of changes to the
biosphere model on the expected annual dose for
the nominal scenario is reflected in the TSPA
results shown in Volume 2, Section 3.2.11 of FYO0
Supplemental Science and Performance Analyses
(BSC 2001b). The mean annual dose using the
supplemental uncertainty distributions for the
biosphere dose conversion factors (BSC 2001a,
Section 13.4.) is compared to the results calculated
in the TSPA-SR model (CRWMS M&O 2000a,
Section 4.1). The mean annual dose is slightly
lower for the new nominal-scenario biosphere dose
conversion factors for all times shown in the plot.
The reduction in dose from the previously calcu
lated annual dose (TSPA-SR base-case results) to
the new result is less than 10 percent in simulated
annual dose for most times and does not constitute
a large change.
The results of the supplemental TSPA model using
the new volcanic eruption biosphere dose conver
sion factors are presented in Volume 2, Section
3.2.11 of FY01 Supplemental Science and Perfor
mance Analyses (BSC 2001b). The mean annual
dose using the new uncertainty distributions for the
volcanic eruption biosphere dose conversion
factors in the supplemental TSPA model is
compared to the results calculated in the TSPA-SR
model in this figure. These results indicate that, at
all times, the expected mean annual dose is approx
imately 2.5 times greater for the new volcanic
biosphere dose conversion factors relative to the
previous TSPA-SR igneous model. This represents
an increase in the mean dose rate relative to
previous results and is primarily due to the increase
in the respirable fraction of particulate concentra
tion in air within the model (BSC 2001 a, Section
13.3.6.2). However, the higher expected annual
dose from direct exposure to contaminated
volcanic ash using the new volcanic eruption
biosphere dose conversion factors is still lower
than the expected annual dose from the igneous
groundwater pathway at later times (see Total
System Performance Assessment for the Site
Recommendation [CRWMS M&O 2000a, Section
42]).

4.4.5.6

Evaluation of Disruptive Events

In this section, analyses conducted to examine the
sensitivity of performance to new infbrmation
related to disruptive events developed since publi
cation of Total System PerformanceAssessment for
the Site Recommendation (CRWMS M&O 2000a)
are described. Two potentially disruptive events are
addressed: volcanism (i.e., igneous activity) and
seismic events.

0

An uncertainty importance analysis was carried out
for the TSPA-SR results (CRWMS M&O 2000a,
Section 5.1) using various statistical methods to
identify the most important contributors to the
spread in the overall model results and to identify
contributors to the extreme, or outlier, outcomes in
the model results. The analysis showed that the
most important parameters affecting the spread in
model results are annual frequency of igneous
intrusion and wind speed (BSC 2001b, Section
3.3.1).
4.4.5.6.1

Supplemental TSPA Model Igneous
Disruptive Results

Igneous Event Wind-Speed Sensitivity-Volume
2, Section 3.3.1.2 of FYO0 Supplemental Science
and PerformanceAnalyses (BSC 2001 b) discusses
mean probability-weighted annual doses for the
supplemental model volcanic eruption case,
comparing results from the TSPA-SR model with
the mean of a set of 300 realizations that are iden
tical in all regards to the TSPA-SR model except
that the alternative distribution for wind speed has
been used. Using the Desert Rock Airstrip data as
described in Volume 1, Section 14.3.3.5 of FYO1
Supplemental Science and Performance Analyses
(BSC 2001a) increases the probability-weighted
annual doses by a factor of approximately 2 from
TSPA-SR model.
Igneous Event Waste Particle Size-Volume 2,
Section 3.3.1.2 of FYO1 Supplemental Science and
Performance Analyses (BSC 2001b) discusses
probability-weighted mean annual doses from the
supplemental model eruptive case only, calculated
for the seven waste-particle size distributions in
Volume I of FY01 Supplemental Science and
Performance Analyses (BSC 2001a, Table
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14.3.3.4-1) and the TSPA-SR base-case distribu
tion (CRWMS M&O 2000a, Section 3.10.2.2.2).
All other input parameters in each case are iden
tical to those used in the TSPA-SR model
(CRWMS M&O 2000a, Sections 3.10.2 through
3.10.4). Calculated annual doses only vary by a
factor of approximately 1.3 or less, and perfor
mance is relatively insensitive to uncertainty in
waste particle diameter within the range considered
in these analyses. Consistent with this observation,
the distribution used in the supplemental TSPA
analyses (BSC 2001b, Section 4) is unchanged
from that used in TSPA-SR analyses (CRWMS
M&O 2000a, Section 3.10.2.2.2).

0

Igneous Event Zone I and Zone 2 Sensitivity
Volume 2, Section 3.3.1.2 of FY01 Supplemental
Science and PerformanceAnalyses (BSC 2001b)
presents a comparison of the 20,000-year proba
bility-weighted mean annual doses calculated for
Zone I for the TSPA-SR model distribution and for
the supplemental distribution. All other models and
input parameters used in these cases are the same
as those used in the TSPA-SR model (CRWMS
M&O 2000a, Sections 3.10.2.2 through 3.10.2.4).
The revised distribution results in an increase in the
calculated annual dose at all times, with a
maximum change of a factor of approximately 2.
Volume 2, Section 3.3.1.2 of FY01 Supplemental
Science and PerformanceAnalyses (BSC 2001b)
presents the set of realizations calculated for
Zone I with the revised distribution, with the 9 5th
and 501h (median) curves shown with the mean.
Note that the 51h percentile curve plots below the
lowest value shown on the y-axis. Volume 2,
Section 3.3.1.2 of FY01 SupplementalScience and
Performance Analyses (BSC 2001b) present the
same comparison for Zone 2. There is little or no
change in the mean annual dose from Zone 2.
Conditional Igneous Events--Conditional mean
annual dose histories were calculated for eruptive
events at 100, 500, 1,000, and 5,000 years (BSC
2001b, Section 3.3.1.2.4). The mean annual dose
history for an event at 100 years is repeated from
Volume 2, Section 3.3.1.2.4 of FY01 Supplemental
Science and PerformanceAnalyses (BSC 2001b),
and the mean annual dose histories for events at
later times are each derived from 300 realizations
analogous to those shown for the 100-year event

(BSC 2001b, Section 3.3.1.2.4). The similarity of
the curves is consistent with the use of the same
sampling of input parameters, and the differences
in the initial annual dose at different times is due
entirely to radioactive decay. The conditional mean
dose in the first year for an eruptive event at 100
years is approximately 13 rem/yr (1.3 x 104
mrem/yr). The first-year conditional dose
decreases to approximately one half this level by
500 years after closure, and is approximately
10 percent of this value after 5,000 years.
The conditional eruptive annual doses described in
Volume 2, Section 3.3.1.2.4 of FYO1 Supplemental
Science and Performance Analyses (BSC 2001 b)
do not include any dose that might be incurred by
direct inhalation of the ash cloud during the erup
tive event.
Volume 2, Section 3.3.1.2.4 of FYO1 Supplemental
Science and Performance Analyses (BSC 2001b)
discusses four annual dose histories discussed
previously, with the addition of a conditional mean
annual dose history calculated for an eruption
occurring at 100 years and with the soil removal
rate set to zero. This additional case was calculated
to provide graphical confirmation of the relative
roles of soil removal and radioactive decay, and it
is not intended to represent a realistic estimate of
annual doses following a conditional eruption. Soil
removal due to agricultural processes is included as
part of the set of realistic and reasonable models
used in Total System PerformanceAssessment for
the Site Recommendation (CRWMS M&O 2000a)
and Volume 2, Section 3.3.1.2.4 of FYO1 Supple
mental Science and Performance Analyses (BSC
2001b). This final calculation confirms that the
decrease in annual dose in the years following an
eruption primarily is due to soil removal. The
gradual decrease in annual dose after year 100 in
this calculation is due entirely to radioactive decay,
and the curve therefore intersects the first-year
annual doses calculated for events at later times.
Volume 2, Section 3.3.1.2.4, Figure 3.3.1.2.4-4 of
FYO1 Supplemental Science and Performance
Analyses (BSC 2001b) shows 500 out of the 5,000
realizations of 50,000-year igneous intrusion
annual dose histories calculated for TSPA-SR
model (CRWMS M&O 2000a, Section 4.2).
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Results shown in this plot are identical to Figure
3.3.3-1 in Volume 2, Section 3.3.1 of FYO1 Supple
mental Science and Performance Analyses (BSC
2001b), except that the eruptive releases have been
removed. Groundwater releases for each realiza
tion are shown weighted by the probability of the
intrusive event occurring. In Volume 2, Section
3.3.1.2.4 of FYO1 Supplemental Science and
PerformanceAnalyses (BSC 2001b), the same set
of realizations are shown without probability
weighting. Peak mean annual dose from the
igneous intrusion pathway increases from approxi
mately 0.1 mrem/year in the probability-weighted
case to approximately 500 mrem/year, consistent
with the overall mean probability of an intrusive
igneous event during the 50,000-year simulation of
8X 10-4.
Peak conditional annual doses associated with
volcanic eruption are significantly higher than
those associated with igneous intrusion (BSC
2001 b, Section 3.3.1.2.4).
4.4.5.6.2

Supplemental TSPA Model Seismic
Activity Analyses

Volume 1, Section 9.3.3 of FYO1 Supplemental
Science and Performance Analyses (BSC 2001a)
considers a broad range of events and accounts for
additional uncertainty in the magnitude of damage
during the vibratory ground motion event. Volume
I analyses consider the probability distribution
shown in Volume 2, Table 3.3.2-1 of FYO1 Supple
mental Science and Performance Analyses (BSC
2001b). The supplemental results using this distri
bution are compared with the TSPA-SR base-case
model results shown in Volume 2, Section 3.2.7.2
of FYO1 Supplemental Science and Performance
Analyses (BSC 2001b, Figure 3.3.2.1-1). The
differences between these estimates of mean
annual dose are small, and the uncertainty and
extended range for the probability distribution for
damage due to seismic activity have a negligible
effect on the estimate of mean annual dose.

4.4.5.6.3

Supplemental TSPA Model
Sensitivity Analyses for the Human
Intrusion Scenario

No additional sensitivity analyses were performed
on the human intrusion scenario by the supple
mental TSPA model because the TSPA-SR model
results were considered robust. The possible
impact of unlikely igneous activity on human intru
sion is analyzed and discussed in Total System
Performance Assessment Sensitivity Analyses for
FinalNuclearRegulatory CommissionRegulations
(Williams 2001b) and is summarized in Section
4.4.4 of this report.
4.5

MULTIPLE BARRIER ANALYSES

Evaluating the significance of the various natural
and engineered barriers requires analyzing their
relative importance in containing and isolating
radioactive waste from the environment. The
objective of such analyses is to evaluate the effec
tiveness and diversity of the barriers to determine
the overall resiliency of the repository system to
extreme conditions that are unlikely but within the
range of those believed physically possible. These
analyses address the nominal performance of the
system (i.e., without the occurrence of disruptive
events, such as igneous activity) and consist of the
following elements:

" Identifying the natural features of the geo
logic setting and the design features of the
engineered barrier system that are considered
important to waste isolation

"* Describing the capability of each of these
barriers and their component features to
isolate waste

" Identifying those aspects of each feature that
provide assurance of acceptable overall per
formance of the system even if components
of the barrier are degraded, deteriorated, or
altered.
The following sections summarize the analyses
that describe and evaluate the significance of the
multiple barriers in the design of the potential
repository at Yucca Mountain. Detailed discussions
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"* A waste form that limits the rate of release of

and analyses are presented in the Repository Safety
Strategy: Plan to Prepare the Safety Case to
Support Yucca Mountain Site Recommendation and
Licensing Considerations(CRWMS M&O 2001a,
Volume 2) and Total System PerformanceAssess
ment for the Site Recommendation (CRWMS
M&O 2000a, Section 5.3).
4.5.1

radionuclides to the water that contacts the
waste

"* A drift invert, which limits the rate of release
of radionuclides to the natural barriers.
Directly or indirectly, the identified barriers affect
several of the key attributes that influence the
ability of the natural and engineered systems to
contain and isolate wastes from the biosphere. The
key attributes, as detailed in Section 4.2, include:
(1) limited water entering emplacement drifts;
(2) long-lived waste packages and drip shields;
(3) limited release of radionuclides from the engi
neered barrier system; (4) delay and dilution of
radionuclide concentration by the natural barriers;
and (5) low mean annual dose considering poten
tially disruptive events. The potential effects
associated with disruptive processes and events are
addressed in Section 4.3.2. Section 4.2 also
presents the technical basis and uncertainty associ
ated with the projected performance of each barrier
and describes the physical and chemical processes
that operate on or within each barrier.

Identification and Description of
Barriers

The barriers important to waste isolation at Yucca
Mountain may be broadly categorized as natural
barriers (associated with the geologic and hydro
logic setting) and engineered barriers. The
engineered barriers complement the natural
barriers by prolonging the containment of radionu
clides within the repository and limiting their

eventual release. The natural barriers consist of the
following:
"* Surficial soils and topography, which limit
water infiltration
"* Unsaturated rock layers above the repository
horizon, which limit water flux into reposi
tory drifts

" Unsaturated rock layers below the repository
horizon, which limit radionuclide transport

" Volcanic tuffs and alluvial deposits below the
water table, which limit radionuclide trans
port in the saturated zone.
The engineered barriers consist of the following:

" A drip shield, which limits the water contact
ing the waste package and the water available
for advective transport through the waste
package and invert

"* A waste package, which limits the water con
tacting the waste form

"* Cladding, which limits the water contacting
the commercial spent nuclear fuel portion of
the waste

Table 4-39 illustrates the correlation between the
attributes, barriers, and the processes as described
in Section 4.2. The process models indicated in
Table 4-39 form the individual component models
of the TSPA-SR model. As indicated in Table 4-39,
multiple processes must be analyzed to evaluate
each barrier's ability to contribute to repository
performance. Additional discussion of the model
components of the TSPA-SR model are found in
Section 4.2 of this report and in Section 3 of the
Total Sýstem PerformanceAssessment for the Site
Recommendation (CRWMS M&O 2000a).
The supplemental and revised supplemental TSPA
models have nearly identical component models.
Detailed information on the supplemental TSPA
model may be found in FYO Supplemental
Science and Performance Analyses (BSC 2001a;
BSC 2001b), and information on the revised
supplemental TSPA model may be found in Total
System Performance Assessment-Analyses for
Disposal of Commercial and DOE Waste Invento
ries at Yucca Mountain-Input to Final
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Table 4-39. Correlation of Barrier and Barrier Functions to Key Attributes of Yucca Mountain Repository
System and Process Models
Key Attributes
of System

Process Model
Climate

Limited Water
Entering
Emplacement
Drift

Not infiltration

~

Unsaturated Zone Flow
Coupled Effects on Unsaturated Zone Flow
Seepage Into Emplacement Drifts

Barrier

Barrier Function
Reduce Mt amount of water
entering the unsaturated zone by
Surilcdal soils and topography
surficlal processes (e.g..
precipitation lost to runoff.
evaporation, and plant uptake)
Reduce the amount of water
Unsaturated rock layers overlying reaching empracement drift( by
processeu (e.g.. lateral
subsurface
the repository and host unit
diversion and flow around

Coupled Effects on Seepage

emplacement drift)

ki-Drill Physical and Chemical Environments
in-Dor Moisture DistributionDrip shield around the waste
Waste Package Ddp Shield Degradation
packages
and
Drip Shield
Drip Shield
and

Prevent water contacting the waste
package and waste form by
diverting water flow around the
waste package; therefore limiting
advective transport through the
Invert

Waste Package Degradation and
Performance

W

Cladding Degradation and Performance

Spent fuel cladding

package

Prevent water from contacting the
waste form
Delay and/or limi Ilquid water

contacting spent nuclear fuel after
waste packages have degraded

Radlonuclide Inventory
"In-Package Environments
Commercial Spent Nuclear Fuel
Limited Release Degradation and Performance
of Radlonuclides DOE Spent Nuclear Fuel Degradation and
from the
Performance
Engineered

DOE High-Ieve Radioactive Wastewat

Barriers System

Degradation and Performance
Dissolved Radionuclide Concentrations
Coelod-Assoclated Radlonuhide
Concentrations

Waste form

Potentially prevent kluid water
contacting waste durng the period
when temperatures In he
commercial
waste
p ckspent
packages
g sarenuclear
reelevated
l vtfuel
dand
an
limit radionuclide release rates as a
result low solubilities

Dril invert

Limit radionucitde transport out of

0

In-Package Radionuclide Transport

Engineered Barrier System (Invert)
Degradation and Performance
Delay and
Diution of
Radionuclide
Concentration
by the Natural
Bariers

Unsaturaed Zone Radionuclide Transport
(Advective Pathways. Retardation:
Dispersion; Dilution)
Saturated Zone Radionudlde Transport
Dilution

engineered barrer system
Delay radionuclide movement to the
Unsaturated rock layers below
groundwater aquifer because of
the repository
water residence time, matrix
diffusion, and/or sorption
Volcanic tuff and alluvial deposits Delay rdionudlde movement to the
below the water table (flow path receptor location by water
extending from below the
residence time, matix diffusion,
repository to point of complance) and/or sorption

Low
Mean
Anal

Mea
AnnuDonsiern
Considering
Potentially
Disruptive
Events

NOTE: N/A

Probability of Voicanic Eruption
Characteristics of Volcanic Eruption
Effects of Volcanic Eruption
sN/A
Atmospheric Transport of Volcanic Eruption
Biosphere Dose Conversion Factors
Probabilty of Igneous Intrusion

N/A

Characteristics of Igneous Intrusion
Effects of Igneous Intrusion
not applicable.

These process and events
barriers

may affect performance but are not
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The most important barrier to radionuclide migra

Environmental Impact Statement and Site Suit
ability Evaluation (Williams 2001a).
The following paragraphs summarize the role that
the barriers and processes play in the attributes of
the Yucca Mountain site.
Barriers and Processes that Contribute to Limit
Water Entering Emplacement Drifts-Several
barriers combine to limit the amount and distribu
tion of water that may enter emplacement drifts
and come into contact with the waste packages.
The natural barriers work together to limit water
infiltration and seepage flux. Both the amount and
distribution of water in the unsaturated rocks at
Yucca Mountain are currently controlled by the
ard climate regime, which limits annual precipita
tion in the area, and by the surficial bedrock and
soils, which encourage significant loss of water
through runoff and evapotranspiration. These
processes combine to limit the annual amount of
water that infiltrates though the surficial soils. The
technical basis and uncertainty associated with the
understanding of these processes as they affect
performance are described in Section 4.2. 1.
The flow characteristics of the welded tuff units at
the potential repository horizon limit the amount
and distribution of water that can seep into the
repository. Much of the limited flux that reaches
the repository horizon will be diverted around the
drifts by the capillary suction within the fractured
rock mass.
Barriers and Processes that Contribute to the
Long-Lived Waste Package and Drip Shield
Any water that does seep into the repository drifts
will be diverted away from the waste package by
the titanium drip shield for as long as the drip
shield remains intact. The purpose of this engi
neered barrier is to protect the waste package from
direct contact with water that seeps into the drifts.
Another important function of the drip shield is to
limit the advective flux of water that can transport
waste through the invert materials if waste pack
ages breach earlier than expected during the
lifetime of the drip shield. Drip shields also
provide a mechanical barrier, protecting waste
packages from potential damage from rockfall.

tion is the waste package itself. The characteristics
and rates of waste package degradation depend on
the environment. Those aspects of the natural envi
ronment that affect the performance of the waste
package as a barrier consist of the thermal-hydro
logic, thermal-chemical, and thermal-mechanical
environments.
The waste package lifetime is affected by the
degradation modes and rates of the corrosion-resis
tant Alloy 22 over the surface area of the waste
package and at the closure welds. These degrada
tion modes include general and localized
corrosion, as well as stress corrosion cracking. The
technical basis and uncertainty associated with
these degradation modes and their corresponding
rates are presented in Section 4.2.4.
In reevaluating the potential of early failure mecha
nisms and their potential consequences, a more
conservative approach resulted in the inclusion of
improper heat treatment and subsequent possible
failure of a few waste packages in the TSPA
supplemental analysis. The nonmechanistic early
waste package failure assumes failure of both the
inner and outer Alloy 22 lids and the stainless steel
inner lid. To ensure that the potential consequence
of early waste package failures is treated conserva
tively, it is included in the nominal scenario, not as
a sensitivity analysis. Volume 1, Section 7.3.6 of
FY01 Supplemental Science and Performance
Analyses (BSC 2001 a) describes the model devel
oped for the potential consequences of improper
heat treatment of a waste package.
Barriers and Processes that Contribute - to
Limited Release of Radionuclides from the
Engineered Barriers-Based on the analyses
presented in Section 4.4.2, most waste packages
are expected to remain intact for much more than
10,000 years. Howevereventually the waste pack
ages will degrade. Once the waste packages have
been breached, the possibility exists for water to
contact the waste and mobilize radionuclides. Even
then, the waste forms (spent fuel or borosilicate
glass) will limit the rate of radionuclide release
because they are relatively stable solids that will
degrade slowly. The thermal-hydrologic-chemical
environment inside the waste package affects the
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rate and amount of degradation of the waste forms.
In addition, in the case of most commercial spent
nuclear fuel, a significant mechanism that delays
the degradation rate of the waste is Zircaloy
cladding.

associated with each of the natural and engineered
barriers on overall system performance.

Once radionuclides are released from the waste
package, they must be transported through the
invert materials before being released to the natural
barriers. During the time when the drip shield is
intact, or in instances of insignificant seepage into
the drifts, the release of radionuclides through the
invert is limited to diffusive processes. Depending
on the diffusive characteristics of the invert mate
rials, which depend on the in-drift thermal
hydrologic environment, diffusive processes may
be a significant barrier to radionuclide migration.

Three separate approaches were used to evaluate
the contribution that different barriers provide to
the overall performance of the repository system in
the absence of disruptive events. The first
approach, documented in Section 4.4.2, details the
intermediate performance of the total system as the
system evolves over time. This approach describes
the results of the system's temporal and spatial
evolution and the uncertainty in this evolution. For
example, the rate of degradation and the mass
release rate for several key radionuclides, as ijell
as the uncertainty associated with this evolution,
were identified and analyzed for several discrete
spatial locations (the waste package, the edge of
the invert, the base of the unsaturated zone, and at
the accessible environment approximately 20 km
[12 mil from the repository footprint). Examining
the intermediate results both in space and time, as
detailed in Section 4.4.2, provides one level of
indication of an individual barrier's contribution to
the overall performance of the system.

Barriers and Processes That Contribute to
Delay and Dilution of Radionuclide Concentra
tion
by , the
Natural
Barriers--Once
radionuclides have been released from the waste
packages and transported through the engineered
invert materials, they must then migrate through
the unsaturated rock between the repository and the
water table, and then through approximately 1 km
(11 mi) of saturated volcanic rocks and alluvial
deposits between the repository and the point at
which the receptor uses the water. Both the unsat
urated and saturated rock units provide natural
barriers to the migration of these radionuclides.
Their combined effect is to limit the mass break

through and, therefore, the concentration of
radionuclides in the accessible environment.
Processes That Affect Whether Disruptive
Events Will Compromise Repository Perfor

mance-Because an igneous intrusion or volcanic
eruption could degrade the performance of both the
natural and engineered barriers of the site, it is
important to evaluate the extent to which these
processes would affect performance. Evaluations
of volcanic and igneous intrusion scenarios
consider both the likelihood and consequences of
each type of event, including analyses of potential
exposure pathways.
The following section details the approaches taken
in evaluating the contribution of the various
barriers and the significance of the uncertainty

4.5.2

Approaches to Evaluation of Multiple
Barriers

The second approach for evaluating an individual
barrier's contribution to the system performance
has been termed "barrier-importance analysis." In
this approach, the key parameters affecting the
performance of each barrier are fixed at the
extreme of their uncertainty distribution (either the
5th or 95d1 percentile, whichever leads to maxi
mizing the dose rate over the time period of
interest), and all other parameters and models are
sampled stochastically as done in the base case.
This partial degradation of the function of the
barrier leads to more conservative dose projec
tions. By comparing the TSPA-SR model nominal
performance base-case results with the degraded
performance results, one can examine the relative
contribution of each of the barriers. The results of
this approach are presented in Section 5.3 of Total
System Performance Assessment for the Site
Recommendation (CRWMS M&O 2000a).
The third approach for evaluating a barrier's contri
bution to the system performance has been termed
522
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the "barrier-neutralization analysis." In this
approach, the function a particular barrier(s) has in
either reducing water contacting waste or reducing
the transport of radionuclides is completely
removed from the analysis (i.e., the capacity of the
barrier(s) to limit the movement of water or radio
nuclides is set to zero). Neutralization analyses are
the extreme of the partially degraded barrier anal
yses discussed above. They provide insights into
the overall system behavior and the importance of
the barrier(s) to defense in depth. Further discus
sion of barrier neutralization analyses are presented
in Repository Safety Strategy: Plan to Preparethe
Safety Case to Support Yucca Mountain Site
Recommendation and Licensing Considerations
(CRWMS M&O 2001a, Volume 2).
.Although the parameter values used in the partially
degraded barrier analyses are within the range of
values considered reasonably possible, the results
should not be interpreted as representing the
expected behavior of the system. The expected
behavior of the system in the absence of igneous
disruption is represented by the mean nominal
performance result, and the degraded barrier anal
yses are presented only to provide insight into the
resilience of the repository system to extreme
conditions. To ensure a balanced interpretation of
the degraded barrier analysis, results are shown
paired with comparable analyses using the 5d' or
951h percentile values (as appropriate) of the same
parameters that result in improved performance.
The mean result from the full nominal analysis
should be interpreted as the best estimate of future
performance, and both the degraded and improved
performance analyses should be interpreted as
being equally likely (or unlikely) to occur.
The following two sections detail the individual
barrier analyses conducted to examine the robust
ness of the repository system's performance.
Section 4.5.3 discusses the effects of the natural
barriers on overall performance, and Section 4.5.4
covers the engineered barriers' effects on perfor
mance. Table 4-40 lists the figures presented in
these two sections. In addition to the partially
degraded barrier importance analyses, a representa
tive barrier neutralization analysis is presented in
Section 4.5.4. Additional details on these analyses
and additional analyses are presented in the Total

System Performance Assessment for the Site
Recommendation (CRWMS M&O 2000a, Section
5.3) and Repository Safety Strategy: Plan to
Preparethe Safety Case to Support Yucca Moun
tain Site Recommendation and Licensing
Considerations (CRWMS M&O 2001a, Volume
2), as well as FYO1 Supplemental Science and
PerformanceAnalyses (BSC 2001 a; BSC 2001 b).
4.5.3

Evaluation of Natural Barrier
Components

There are two natural barriers above the repository
that contribute to the long-term performance of the
repository system: (1) the surficial soils and topog
raphy, which limit the amount of water that
infiltrates into the rock; and (2) the unsaturated
rocks, which limit the amount of water that seeps
into the repository. Barrier-importance analyses
have been conducted for each of these barriers.
The net surficial infiltration flux into Yucca Moun
tain is affected by uncertainty about future climate
states and surficial processes. As explained in
Section 4.2, the TSPA-SR analyses considered a
range of infiltration rates. In partially degrading the
surficial barrier, the assumption applied was that
the maximum possible infiltration rate corre
sponding to the maximum anticipated climate state
(the
glacial-transition
climate)
prevailed
throughout the duration of the 100,000-year simu
lated time period. To evaluate the consequences of
a more positively performing surficial barrier, a
separate scenario was analyzed, extrapolating the
present-day climate's minimum infiltration rate
throughout the entire duration of the simulated
time period. The effects of these partial degrada
tions of the surficial barrier are illustrated in Figure
4-208, which shows that the surficial infiltration
rate over the range of likely conditions does not
significantly affect the long-term performance of
the repository system.
The net seepage into the repository drifts is
affected by the percolation flux through the host
rock and the rock properties around the emplace
ment drifts. To investigate the significance of
seepage to system performance, a scenario was
constructed that fixed (1) the infiltration rate at the
maximum value of the three potential distributions,
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Table 4-40. Partially Degraded Barrier Importance Analyses Figures
Key Attributes of
System

Umited Water
Entering
Emplacement Drifts

Process Model Factor

Barrier

Figure

Climate
Net Infiltration
Unsaturated Zone Flow

9urcial soils and topography

Coupled Effects on Unsaturated Zone Flow
Seepage into Emplacement Drifts

Unsaturated rock layers overlying the
repository and host unit

4-209 and
4-211

Drip shield above the waste packages

4-213

0

4-208

Coupled Effects on Seepage

Long-Lived Waste
Package and Drip
Shiekl

In-Drift Physical and Chemical Environments
In-Drift Moisture Distribution
Drip Shield Degradation and Performance
Shield4-214
Waste Package Degradation and Performance
Cladding Degradation and Performance

Umited Release of
Radionuclides from
the Engineered
Barriers

Waste package
Spent fuel cladding

4-214and

4-215 n

4-215 and
4-218

Radionucikde Inventory
In-Package Environments
Commercial Spent Nuclear Fuel Degradation and
Performance
DOE Spent Nuclear Fuel Degradation and
Performance

DOE High-Level Radioactive Waste Degradation and
Performance
Dissolved Radionuclide Concentrations
Collod-Assoclated Radionuclide Concentrations
In-Package Radionuclide Transport
Engineered Barrier System (Invert) Degradation and
Performance
Unsaturated Zone Radionuclide Transport (Advective
Delay and Dilution of Pathways; Retardation; Dispersion; Dilution)
Radionuclide
Saturated Zone Radionuclide Transport
Concentration by the
Wellhead Dilution
Natural Barriers

Waste form

4-216

Drift Invert

4-217

Unsaturated rock layers below the
repository
Volcanic tuff and alluvial deposits
below the water table (flow path
extending from below the repository

4-210 and
4-211
4-212

to point of compliance)

Probability of Volcanic Eruption
Characteristics of Volcanic Eruption
Effects of Volcanic Eruption
Low Mean Annual
Dose Considering
Atmospheric Transport of Volcanic Eruption
Potentially Disruptive Biosphere Dose Conversion Factors
Events
Probability of Igneous Intrusion

NIA

Characteristics of Igneous Intrusion
Effects of Igneous Intrusion
NOTE: NIA = not applicable.

0
4-524

Yucca Mountain Science and EngineeringRepori
DOE/RW-0539 Rev. I
fOVA=.113 PM. $=_0700om6
MIM2
55.2.
ItA.
0

CW2MOV . TA4, 6K.W-Omhrt6WA
6w61.IJ
8000.OfmrWOG.•
.W

.i 02

S1,1
LD
10

lop

100000
10000
.
Time (years)
Figure 4-208. Sensitivity of the Mean Dose Rate Projected by the TSPA-SR Base-Case Model Assuming a
Degraded and an Enhanced Infiltration Barrier
The receptor is assumed to be 20 km (12 mi) from the repository footprint Annual water demand was assumed to be
approximately 2.00 acre-ft. Source: CRWMS M&O 2000a, Figure 5.2-1.
1000

(2) the flow-focusing factor at its maximum to
allow a greater fraction of the total percolation to
come into contact with the repository drifts, (3) the
seepage fraction at its maximum value, and (4) the
seepage flow rate at its maximum value. All of

these changes tend to force a greater fraction of the
total percolation flux to seep into the repository
emplacement drifts. To evaluate the consequences
of a more positively performing seepage barrier,
the above values were also fixed at their minimum
values from the distributions presented in Section
4.2.
The effects of this partial degradation of the
seepage barrier are illustrated in Figure 4-209. This
figure shows that, :for the first 40.000 years. the
degradation (or. improvement) of this barrier has
little net consequence. This is because the waste
packages are intact for most of this period, and
even when waste packages arc breached, the drip
shield remains intact for a portion of this time.
Even if both these barriers arc breached, the domi-

nant radionuclide contributing to dose is the mobile
technetium-99, which can diffuse through surface
water films relatively rapidly (even in the absence
of significant advective flux) because of its
extremely high solubilit-. Because the solubility
limited radionuclides like neptunium-237 are the
radionuclides most affected by seepage, the signifi
cance of seepage to overall performance does not
become pronounced until this radionuclide
becomes the dominant dose contributor, at about
40,000 years.
There are two additional natural barriers below the
repository block: the unsaturated zone rock units
and the saturated zone rock units. Both affect the
transport of both dissolved and colloidal radionu
clides from the engineered barriers to the point
where such radionuclides could be extracted with
the groundwater.
The significance of the unsaturated zone transport
barrier was evaluated -by fixing the transport
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Figure 4-209. Sensitivity of the Mean Dose Rate Projected by the TSPA-SR Base-Case Model Assuming a
Degraded and an Enhanced Seepage Barrier
The receptor is assumed to be 20 km (12 mi) from the repository footprint. Annual water demand was assumed to be
approximately 2000 acre-ft, Source: CRWMS M&O 2000a. Figure 5.3-1.

parameters within the transport model to minimize
retention in the unsaturated zone. This was accom
plished by using the 5 1h percentile on sorption
parameters for aqueous and colloid-borne radionu
clides (Kaand K,., respectively), the 9 5 'hpercentiles
on fracture apertures, and the 5'1 percentile on the
matrix diffusion coefficient. To investigate the
more optimistic end of the range of uncertainty. a
similar analysis was conducted with the distribu
tions at the opposite extremes. The results of this
analysis are illustrated in Figure 4-210. Degrading
the unsaturated zone transport barrier decreases the
transport time of neptunium-237 through the
geologic media and. therefore, increases the dose
rate at a point 20 km (12 mi) from the repository
footprint for a period from 20.000 to 40,000 years.
To evaluate the combined effect of the two unsatur
ated zone barriers (seepage in unsaturated rock
layers overlying the repository amd transport in
unsaturated rock layers below the repository), a
combined degradation analysis was performed.
Figure 4-211 presents the results of this analysis;
they illustrate that the combined effect of both

barriers is approximately additive. This indicates
that the contributions of the two unsaturated zone
barriers are independent.
The significance of the saturated zone transport
barrier is affected by several flow and transport
parameters. In addition to the transport parameters
described previously for unsaturated zone trans
port, the saturated zone flow- fields are also
uncertain, as are the possible flow path lengths
through the alluvium and the alluvium transport
characteristics. To investigate the significance of
the saturated zone transport barrier, all realizations
used the 9 5 1h percentile breakthrough curve (i.e.,
that distribution of mass flux that for a given
release rate to the water table causes the 95'h
percentile mass flux at a location 20 km 112 mil
from the repository footprint). The results of this
analysis are illustrated in Figure 4-212. These
results indicate that the saturated zone barrier has
minimal significance when it is degraded, since the
mean dose response correlates closely to the more
conservative portion of the saturated zone transport
characteristics. However, the enhanced barrier
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Figure 4-210. Sensitivity of the Mean Dose Rate Projected by the TSPA-SR Base-Case Model Assuming a
Degraded and an Enhanced Unsaturated Zone Transport Barrier
The receptor is assumed to be 20 km (12 ml) from the repository footprint. Annual water demand was assumed to be
approximately 2.000 acre-ft. UZ = unsaturated zone. Source: CRWMS M&O 2000a, Figure 5.3-11.
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Figure 4-211. Sensitivity of the Mean Dose Rate Projected by the TSPA-SR Base-Case Model Assuming a
Degraded and an Enhanced Unsaturated Zone Flow, Unsaturated Zone Transport, and
Seepage Barrier
The receptor is assumed to be 20 km (12 mi) from the repository footprint. Annual water demand was assumed to be
approximately 2,000 acre-ft. UZ = unsaturated zone. Source: CRWMS M&O 2000a, Figure 5.3-12.
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Figure 4-212. Sensitivity of the Mean Dose Rate Projected by the TSPA.SR Base-Case Model Assuming a
Degraded and an Enhanced Saturated Zone Flow and Transport Barrier
The receptor is assumed to be 20 km (12 mi) from the repository footprint. Annual water demand was assumed to be
approximately 2.000 acre-ft. SZ = saturated zone. Source, CRWYS M&O 2000a. Figure 5.3-13

performance of the saturated zone (which includes
parameter assessments that are believed to be more
realistic than the base case) is found to signifi
cantly delay the transport of neptunium-237 and
therefore lower the expected dose.
4.5.4

Evaluation of Engineered Barrier
Components

As shown in Table 4-39, the engineered barrier
components consist of the drip shield, the waste
package, cladding, the waste form. and the drift
invert. The principal function of these engineered
barriers is to contain the radionuclides as long as
possible and, once the containment has been
breached, to slow the release of radionuclides to
the natural barriers. This section discusses the
significance of each of the engineered barriers.
The significance of the drip shield barrier has been
examined by fixing the corrosion rate oftitanium at

the 95h percentile of the distribution. This tends to
decrease the lifetime of the drip shield from about
20,000 years to less than 10,000 years. The effect

of this change on the calculated dose, however, is
minimal (Figure 4-213). This minimal impact is a
result of the degradation characteristics of the
waste package and the form of the radionuclide
release from degraded wastc packages.
The titanium drip shield emplaced over the waste
package has a modeled lifetime of about 20,000 to
40,000 years (see the results presented in Section
4.4.2 using the models and analyses summarized in
Section 4.2). The waste package has a modeled
lifetime of about 12.000 to over 100,000 years. As
noted in Section 4.4.2, when the waste packages
initially are breached, the more mobile radionu
clide constituents (notably technetium-99 and
iodine-129) can diffuse through the waste package
and the invert materials and are not significantly
affected by seeplage through the degraded drip
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Figure 4-213. Sensitivity of the Mean Dose Rate Projected by the TSPA-SR Base-Case Model Assuming a
Degraded and an Enhanced Drip Shield Barrier
The receptor is assumed to be 20 km (12 mi) from the repository footprint. Annual water demand was assumed to bf
approximately 2,000 acre-ft. Source: CRVUMS M&O 2000a, Figure 5.3-3.

"* Yield strength of the base metal at the closure

shields. Once their degradation starts, the drip
shields degrade over. about a 20.000-year time
frame, which minimizes the function they play
once the waste packages are breached. As a result.
the significance of the drip shield barrier is prima
rily as a defense-in-depth barrier in that it provides
additional assurance in the unlikely event that
waste packages may be prematurely breached by
some unanticipated process or event as described
in Relsxitory Safety ,lrategy': Planto Prparv the
,afc'y

welds

"* Corrosion rate of Alloy 22, especially at the
heat-affected zone associated with the outer
and middle lid closure welds

"* Accelerated corrosiori rates associated with
aging and microbially influenced corrosion.
especially at the closure welds

Case to Support Yucca Mouniain Vite

Recommendation and Lk'ensing C(onsideration.s
(CRWMS M&O 2001a, Volume 2, Section 3.4.2).
Uncertainty analysis has detemined that the waste
package degradation parameters that most signifi
cantly affect degradation time are:
Stress state at the stress-relieved closure
'Welds

"* Size and frequency of defect flaws at the
closure welds.
A degraded waste package barrier importance anal
ysis was conducted in which each of these
parameters was fixed at its 95th percentile value
(except for yield strength, where the 5.1 percentile
value leads to more conservative early waste
package breaches). The results of this analysis arc
illustrated in Figure 4-214, The analysis illustrates
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Figure 4-214. Sensitivity of the Mean Dose Rate Projected by the TSPA-SR Base-Case Model Assuming a
Degraded and an Enhanced Waste Package Barrier
The receptor is assumed to be 20 km (12 mi) from the repository footprint. Annual water demand was assumed to be
approximately 2.000 acre-ft. The enhanced waste package barrier resulted in no dose durng the first 100,000 years.
Source: CRWMS M&O 2000a, Figure 5.3-5.

that earlier breaches of the waste package lead to
earlier doses at the point of water extraction and,
ultimately, to higher doses. Even the degraded
waste package performance analysis, however.
calculated doses that are small compared to the
standards, due to the performance of the other
natural and engineered barriers.
Once the waste packages are breached, the waste
form may be exposed to moisture (in the form of
humid air if there is no seepage or the drip shield is
intact or liquid seepage if the waste is sufficiently
cool and liquid water seeps into the waste
package). In the case of commercial spent nuclear
fuel. Zircaloy cladding provides another barrier,
delaying the time at which moisture may directly
contact the spent fuel. The degradation rate of the
cladding, however, is uncertain. To evaluate the
importance of this barrier, a scenario was
constnrcted in which all fuel rods were assumed to
be perforated at the time the waste package was
breached, and the unzipping rate was set at the

maximum value. I'he results of this analysis are
illustrated in Figure 4-215.
Once the waste packages and cladding have been
breached, the waste forms themselves must be
altered, and the radionuclides. must transition to a
mobile phase befbre they can be transported out of
the engineered barriers. The mobility of each radi
onuclide is a function of the geochemical
environment and the sorption/desorption character
istics of that radionuclide on any mobile colloidal
material (e.g., iron oxide, degraded fuel, silicon, or
clay). The significance of this geochemical barrier
was evaluated by using near-maximum solubilities
in the waste package and invert materials and
maximizing the sorption of radionuclides onto
colloids. The results of this barrier analysis are
shown in Figure 4-216. This figure shows, again,
that prior to about 40,000 years, the dominant radi
onuclides are not controlled by the solubility or
colloid concentrations. After 40,000 years. the
soluble neptunium-237 and colloidal pluto-
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Figure 4.215. Sensitivity of the Mean Dose Rate Projected by the TSPA-SR Base-Case Model Assuming a
Degraded and an Enhanced Cladding Barrier
The receptor is assumed to be 20 km (12 mi) from the repository footprint. Annual water demand was assumed to be
approximately 2,000 acre-ft Source: CRWMS M&O 2000a, Figure 5.3-7.
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Figure 4-216. SensitiVity of the Mean Dose Rate Projected by the TSPA-SR Base-Case Model Assuming a
Degraded and an Enhanced Concentration Uimits Barrier
The receptor Is assumed to be 20 km (12 mi) from the repository footprint. Annual water demand was assumed to be
approximately 2,000 acre-fl. Source: CRWMS M&O 2000a, Figure 53-8.
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nium-239 are important, but degrading this barrier
did not have an appreciable effect on overall
performance.
In addition to the effect of the waste form and the
mobility of different radionuclides, the drift invert
materials themselves can significantly affect the
release of radionuclides. Figure 4-217 illustrates
the combined effect of modifying the in-drift
chemistry and colloidal fraction with different
diffusion coefficients through the invert. Increasing
the diffusion coefficient (i.e., degraded engineered
barrier system transport barrier) has the effect of
allowing greater diffusive releases through the
engineered barrier system, even during the time
period that the drip shields are intact (i.e., prior to
about 30,000 years). Decreasing the diffusion coef
ficient (i.e., enhanced engineered barrier system
transport barrier) has the effect of allowing essen
tially no diffusive releases. In this later case, there
are essentially no releases from the engineered
barrier system at all, until such time as the drip
shields have degraded sufficiently to allow advec
tive water into the waste package.
In addition to the partial degradation analyses
described previously, a range of barrier neutraliza
tion analyses have been conducted to gain
additional insight into the defense in depth of the
various natural and engineered barriers. An
example neutralization analysis is to assume that a
waste package has been inadvertently breached at
the time it was emplaced. This nonmechanistic
early failure of a waste package is outside of the
expected degradation modes considered plausible.
However, it does provide a useful "what-if" anal
ysis for examining the robustness of the overall
system behavior.
The results of the nonmechanistic early failure
scenario are illustrated in Figure 4-218. This figure
shows the effect of the nonmechanistic early
failure wasie package, assuming either the nominal
cladding degradation model or the degraded clad
ding degradation model (the same as the model
used to generate Figure 4-215). It illustrates that
the time to achieve the initial peak dose is about
2,500 years, indicating the advective transport time
through the unsaturated and saturated zone. The

dominant radionuclide in this analysis is
neptunium-237. The second peak of the dose at
about 40,000 years occurs after the drip shields
have been sufficiently degraded to have an effect
on the advective release from the waste package.
This peak is dominated by neptunium-237 and
plutonium-239 releases.
4.5.5

Summary of Barrier-Importance
Analyses

This section has presented a range of different
barrier-importance analyses to evaluate the robust
ness of the repository performance even under
extreme sets of assumptions. Although none of
these combinations is expected to occur, they illus
trate the behavior of the system over time periods
beyond a 10,000-year period. These analyses give
insights into the system behavior and are useful in
evaluating the overall system response and in eval
uating the contribution of the different natural and
engineered barriers to the postclosure performance.
As in Section 4.4.5, these analyses focused on the
nominal performance scenario and the degradation
of the barriers during the regulatory time period.
Analyses beyond 10,000 years were performed as
an indicator of long-term performance.
The analyses indicate that the various natural and
engineered barriers contribute to the ability of the
system to isolate waste. The total system results
appear to be most sensitive to the performance of
the waste package barrier. However, even degraded
waste packages do not appear likely to result in
doses higher than applicable standards because of
the performance of other natural and engineered
barriers.
Additional barrier-importance analyses are
presented in the Total System PerformanceAssess
ment for the Site Recommendation (CRWMS
M&O 2000a, Section 5.3) and Repository Safety
Strategy: Plan to Prepare the Safety Case to
Support Yucca Mountain Site Recommendationand
Licensing Considerations(CRWMS M&O 2001 a,
Volume 2), as well as in Volume 2, Section 3 of
FYO1 Supplemental Science and Performance
Analyses (BSC 2001b).
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Figure 4-217. Sensitivity of the Mean Dose Rate Projected by the TSPA-SR Base-Case Model Assuming a
Degraded and an Enhanced Engineered Barrier System Transport Barrier
The receptor is assumed to be 20 km (12 mQ)from the repository footprint. Annual water demand was assumed to be
approximately 2,000 acre-ft. EBS = engineered barrier system. Source: Modified from CRWMS M&O 2000a, Figure
5.2-13.
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Figure 4-218. Sensitivity of the Mean Dose Rate Projected by the TSPA-SR Base-Case Model Assuming a
Juvenile Waste Package Failure with a Degraded Cladding Barrier
The receptor is assumed to be 20 km (12 mi) from the repository footprint. Annual water demand was assumed to be
approximately 2,000 acre-ft. CSNF = commercial spent nuclear fuel waste package. Source: Modified from CRWMS
M&O 2001a, Figure 3-19.
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4.6

PERFORMANCE CONFIRMATION,
POSTCLOSURE MONITORING, AND
SITE STEWARDSHIP

The objectives of the programs can be summarized
as follows:

" Confirm that the repository is performing as
The quantitative and qualitative analyses of reposi
tory performance presented in previous sections
are the basis for the DOE's forecast of repository
performance. The DOE's confidence in the robust
ness of these analyses is enhanced by the safety
margin and the defense in depth provided by the
multiple natural and engineered barriers at Yucca
Mountain. Nevertheless, the-EPA, NRC, and DOE
have all recognized that some uncertainty about
repository performance cannot be eliminated.
Furthermore, the DOE understands that ensuring
public safety requires continued stewardship,
including a program for evaluating new informa
tion obtained during the construction and operation
of the potential repository. Therefore, the final
component of the postclosure safety case is a
performance confirmation, monitoring, and site
stewardship program that accomplishes multiple
goals related to the DOE's obligation to protect
public health and safety and the environment.
Specifically, these programs will include long-term
monitoring of the site, maintaining the integrity
and security of the repository, and maintaining the
ability to retrieve spent nuclear fuel and high-level
radioactive waste in the event that new information
indicates a need to do so.
The postclosure monitoring and stewardship
programs are derived from a variety of sources,
including NRC licensing-related regulations and
DOE policies. All parts of the program will
contribute to the DOE's overall goal of building a
repository that will provide for the containment
and isolation of waste.
This section briefly describes the key elements of
performance confirmation, postclosure monitoring,
and site stewardship. These elements include a
performance confirmation program to assess the
performance of the repository both during opera
tion and before closure. Other activities will
include postclosure monitoring, maintenance of
institutional control, site stewardship, and safe
guards and security.

expected or take any corrective action neces
sary, including retrieval of the waste, if
warranted

" Provide a sound scientific basis for future
generations to decide when to close the
repository

" Institute safeguards and security provisions
consistent with licensing-related NRC regu
lations

"* Prevent deliberate or inadvertent human
intrusion that could adversely affect the per
formance of the repository.
The components of the programs can be broadly
grouped into two categories:

" Performance Confirmation and Monitoring
(Section 4.6. 1)

"* Safeguards and Security (Section 4.6.2).
The following sections describe the activities
which will continue or are currently planned or
envisioned to be undertaken by the DOE under
each of these categories. Data collection, experi
ments, and testing have been ongoing during site
characterization and will continue consistent with
NRC regulations.
4.6.1

Performance Monitoring

Performance monitoring will continue and will be
conducted under the umbrella of an integrated test
and evaluation program (see also Section 5.4) and
will take place during all phases of construction
and operation of the monitored geologic repository
prior to closure. The Monitored Geologic Reposi
tory Test & Evaluation Plan (CRWMS M&O
20000i) describes the program designed to ensure
that systems are performing as expected to achieve
the safety goals of this facility. Performance moni
toring is subdivided into the following three

4-534

Yucca Mountain Science and EngineeringReport
DOE/RW-0539 Rev. I
which
categories,
requirements:

stem

from

regulatory

* Preclosure safety monitoring
* Performance confirmation
• Post-permanent closure monitoring.
Preclosure safety monitoring is conducted to
provide a safe working environment for onsite
personnel and visitors during the preclosure period,
which includes the site characterization, construc
tion, operation, and monitoring phases of the
program. Preclosure safety monitoring also
provides for a variety of safety measures, such as
fire sensors and alarms, in surface facilities, as well
as radon gas measurement in the subsurface.
Section 5.4 describes preclosure monitoring activi
ties in more detail.
Performance confirmation is the set of testing,
monitoring, and analysis activities initiated during
site characterization and continue until repository
closure. The focus of this monitoring is to gather
and analyze data on conditions and systems that
will affect the performance of the facility after
closure and to evaluate their impacts on postclo
sure performance. These data will be used to
confirm both that subsurface conditions are consis
tent with the assumptions used in performance
analyses and that barrier systems and components
operate within the bounds expected. The perfor
mance confirmation program will test, monitor,
and analyze various systems of the monitored
geologic repository. The program will include
geologic mapping of subsurface conditions, moni
toring of the conditions in and around
emplacement drifts,. monitoring of other factors
important to postclosure safety, and assessment of
postclosure implications. The program is described
in more detail in Section 4.6.1.1.
A post-permanent closure monitoring program will
include the monitoring activities that will be
conducted around the repository after the facility
has been closed and sealed. A license amendment
will be submitted for permanent closure of the
repository. This amendment will provide an update
of the assessment of the repository's performance
for the period after permanent closure, as well as a
description of the program for post-permanent

closure monitoring. The details of this program
will be defined during processing of the license
amendment for permanent closure. Permanent
closure of the repository, will include closing the
subsurface facilities, decontaminating and decom
missioning the surface facilities, reclaiming the
site, and establishing institutional barriers. As part
of the institutional barriers, provisions may be
added for post-permanent closure monitoring,
which will be described in the license amendment
to obtain authorization to close the facility in the
future. Deferring the definition of this program to
the closure period will allow for identification of
appropriate technology, including technology that
may not be currently available.

The Performance Confirmation Plan (CRWMS
M&O 2000ag) is a subtier document to the Moni
tored Geologic Repository Test & EvaluationPlan
(CRWMS M&O 2000fj). The objective of the
Monitored Geologic Repository Test and
Evaluation Program is to define, design, and
conduct testing for the repository to, among other
things: (I) support system design and develop
ment, (2) evaluate operational suitability and
effective-ness of 'the system, and (3) support the
implementation of quality controls. Additional
information about this program is provided in

Section 5.4. The test and evaluation, performance
monitoring
confirmation,
and
postclosure
programs will each have specific goals and objec
tives. However, they will also be designed to be
sufficiently flexible to allow the DOE to respond to
new information acquired as the repository system
is observed both during and after construction and
operation. If any unanticipated conditions are
encountered or observed, the monitoring programs
will provide a means for assessing their impact, if
any, on long-term performance. As new insights
are gained, existing tests may be modified or new
tests defined to ensure that the DOE has a sound
basis for future decisions affecting the repository.
4.6.1.1

Performance Confirmation
Program

The performance confirmation program is an
important part of the strategy for the development
of the postclosure safety case for the potential
repository (CRWMS M&O 2001a, Volume 2,
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Section 7.5). It consists of tests, experiments, and
analyses that will be implemented in a manner that
ensures that the ability of the repository to perform
will not be compromised. The performance confir
mation program will be periodically updated, for
example, to conform to changes in repository
design evolving from any licensing process.

indicative of the repository's postclosure perfor
mance. Information relevant to the program has
been developed during site characterization.
Performance confirmation will extend until the
beginning of repository closure operations. Key
geologic, hydrologic, geomechanical, and other
physical processes or factors (and related parame
ters) will be monitored and tested throughout
construction, emplacement, and operation to detect
any significant changes from baseline conditions.

In more detail, the aims of the program are to:

"Provide data to verify that subsurface condi
tions and any changes during construction
and waste emplacement will fall within the
limits assumed in the license application

Briefly, the overall approach to performance
confirmation can be divided into eight steps:

"Provide data to verify natural and engineered
barrier systems and components required for
repository operations and important to post
closure performance (or designed or assumed
to operate as barriers after permanent clo
sure) are functioning as intended and
anticipated

I.

Identify key performance confirmation
processes (factors) and parameters

2.

Establish the performance confirmation
baseline database and predict the perfor
mance of the key factors and parameters

3.

Establish tolerances and bounds for the
key factors and parameters

4.

Establish the completion criteria (which
define when there is no longer a need for a
test) and guidelines for corrective actions
to be used when data exceed tolerances or
bounds

5.

Plan and set up the performance confir
mation test and monitoring program

6.

Monitor, test, and collect data

7.

Analyze, evaluate, and assess data

8.

Recommend corrective actions and imple

"* Provide consistency with NRC licensing
related requirements for performance confir
mation

"* Provide information to support the authoriza
tion of permanent closure.
These objectives will be pursued in a manner that
does not adversely affect the ability of the natural
and engineered barrier systems to meet the perfor
mance objectives, as demonstrated in site
performance protection analyses.
The description of the performance confirmation
program will be formally documented in the
Performance Confirmation Plan; a preliminary
version of the plan has been developed (CRWMS
M&O 2000ag) based on the repository design and
higher-temperature operating mode. As the reposi
tory design matures and the thermal operating
mode nears selection, the plan will be revised to
support the license application and to provide addi
tional details and specifics of performance
confirmation activities.
Performance Confirmation Approach-The
performance confirmation program will obtain data

ment changes to the performance
confirmation program, as required.
The first four steps of the process define the perfor
mance confirmation baseline. The baseline
includes the data obtained during site characteriza
tion and from test startup and initialization,
together with parameter predictions and the defini
tion of tolerances and bounds for these data. These
four steps establish the basis on which to evaluate
whether the data indicate that the related processes
are performing as expected.
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After this baseline has been established, related
testing. monitoring, and analysis activities can be
initiated. Testing and monitoring activities include
the physical recovery and laboratory testing of
representative repository materials and collection
of environmental data. Examples of testing and
.monitoring activities include geologic mapping.
subsuiface sampling, coupon recovery, dummy
waste package testing, and ventilation monitoring.
This information is combined and analyzed to
provide a comprehensive performance confinna
tion program.

and operation of the repository, together with
effects of waste emplacement.
Confirmation
Identifying
Performance
Factors-An essential step in conducting perfor
mance confirmation and establishing the baseline
is identifying the parameters to be monitored.
Factors to be addressed by the performance confir
mation program arise from four sources:

Sensors in the emplacement and support drifts
obtain raw electronic data that are reduced,
processed, and stored. During this process. the raw
data are converted into engineering numbers.
which are transmitted as perfonnance data to be
evaluated during the performance confirmation
process by comparing the data to predicted bounds
for confirmation. Figure 4-219 illustrates this
process schematically. The bounds or tolerances
vary with time to reflect the effects of construction

I.

Processes important to repository
safety-To correctlv focus resources, the
performance confirmation program con
centrates on the processes (and related
parameters) most important to repository
postclosure safety. Identification of these
processes (termed -performance confir
mation factors") considers available
performance assessment analyses and the
Repository Sqavty Stratt'$3: Plan to
Prepare the Postlcosure Safety Case to
Support Yucca Mountain Site Recommen-

Performance Confirmation Process

V.-

Swnsr

Con~rmation Data
* Baseline data point

* Confirmation dta poinit

"Mayinclude an iniial test

baseline period to coiledl

.ambient or background
data
Data Reduction
ProcesingO and Storage

eooA1c.Z1

.,

Figure 4-219. Performance Confirmation Process, From Testing to Data Evaluation
Data collected by in situ instrumentation is transmitted, reduced, and processed for analysis. Data observations are
compared to predicted values to determine trends and potential deviations from expected performance
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dation and Licensing Considerations
(CRWMS M&O 2000fk, pp. 3-7 to 3-10).
2.

Applicable requirements-The program
also must address applicable regulatory
and system requirements as part of the
licensing process. These requirements
identify (or prescribe) particular factors or
tests to be included in the performance
confirmation program.

3.

Licensing conditions-As part of the
licensing process, requirements or issues
that need additional testing may be identi
fied by the NRC or the DOE and may be
included in the license as a licensing con
dition or directive. Testing to address
these conditions would be included as part
of the performance confirmation program
if the issues were important to postclosure
safety or were so indicated in the
directive.

4.

Data and validation needs of the analy
sis and process models-After the
completion of the site characterization
phase, some additional data related to
items that are recognized to have potential
postclosure sensitivity may still be
required to support the license applica
tion. These data needs will be identified in
the application with associated test plans
to be conducted as part of performance
confirmation in accordance with regula
tory guidance.

Based on these four sources, analyses have been
conducted to identify the key performance confir
mation factors to be tested or monitored. Table
4-41 lists the key performance confirmation factors
identified in considering the processes important to
repository postclosure safety. Table 4-42 shows
additional factors that have been identified from
evaluations of applicable system requirements and
regulations (CRWMS M&O 2000ag, Table 3-7 and
Appendix E). Table 4-43 shows the added key
performance confirmation factors that have been
identified in considering potential data needs in
support of process model development. No factors
have been identified to date based on licensing
conditions. Specific tests that address these factors
are discussed in the following section.
Testing Program-Performance confirmation
activities will be conducted as part of the reposi
tory's overall test and evaluation program. They
will be performed under several different test cate
gories of the program. The preliminary list of test
activities (and associated test categories) is
presented in Table 4-44, and each performance
confirmation activity is described briefly in the
following sections (CRWMS M&O 2000ag). It is
important to note that the performance confirma
tion program will continue to evolve consistently
with the postclosure safety case, applicable
licensing-related regulations, and applicable
licensing requirements. Any or all of these may
change and necessitate revisions to the plan, either
before or after license application submittal.

Table 4-41. Performance Confirmation Factors Based on Processes Important to Safety
Performance Confirmation Key Factors
Typo of Testing Indicated
Ambient flow through the repository horizon and
Insitu testing during construction and operation
seepage into unventilated drifts

Failure rate of drip shields

Laboratory
testing of drip shield materials over a range of expected
repository conditions
combined

Amount and chemIsby of water contacting waste
packages

Process modeling and drift-scale testing to validate process model results

with process modeling of drip shield failure

Corrosion rate ofwaste package materials and failure Laboratory testing of waste package materials over a range of expected
rate of waste packages
repository conditions and process modeling of waste package failure
Potential factor of cladding degradation
Potential long-term laboratory testing of Zircaloy failure rate
Potential factor of solubility of actinides
Potential laboratory testing of solubility of actinides
Source: CIRVS M&O 2000ag. Table 3-5.
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Table 4-42. Performance Confirmation Factors Consistent with Potential Ucensing Requirement
Performance Confirmation Key Factors
Waste package surface temperature to assess cladding condition
Emplacement drift air temperatures to assess heat removal

Type of Testing Indicated
Monitoring waste package surface
Monitoring temperatures of both incoming and exhaust air of
emplacement drifts

pH of water within emplacement drift (seepage) to confirm waste
package environment
Emplacement drift air temperatures to confirm waste package
environment
Emplacement drift humidity to confirm waste package environment
Colloid content of water within emplacement drift to define waste
package environment
Drainage of invert to confirm free-draining conditions

Monitoring the pH of water (as observed) within
emplacement drifts and special test alcoves
Monitoring temperature within emplacement drifts
Monitoring humidity within emplacement drifts
Monitoring colloid content of water (as observed) within
emplacement drifts
Visually monitoring water accumulations within
emplacement drifts

Amount of seepage to confirm expected waste package environment
Observation of the encountered subsurface (geologic) conditions of
the repository horizon
Insitu rock mass response due to repository construction and waste
emplacement
Performance and constructibility of borehole, ramp, and shaft seals
Engineered barrier system interaction response of waste packages,
backfill (ifused), rock, and groundwater
Insitu waste package monitoring
Laboratory investigations of Internal waste package material testing
Groundwater quality measurements

Monitoring seepage inspecial test alcoves
Geologic observation, mapping, and Index laboratory testing

Rock mass monitoring (temperature and displacement) near
emplacement drifts
Field testing of borehole, ramp, and shaft seals
Field testing of engineered barrier system postciosure
configuration
Remotely monitoring waste package in emplacement drifts
Laboratory materials testing
Well monitoring both downgradient (at accessible
environment) and upgradient
Precise leveling surveys over repository
Potential for disruptive events
Subsurface seismic monitoring
Monitoring groundwater temperature and level
Source: Modified from CRWMS M&O 2000ag. Table 3-7 and Appendix E.

Table 4-43. Performance Confirmation Factors Based on Potential Data Needs
Performance Confirmation Key Factors
Type of Testing Indicated
Sorptive properties of the Calico Hills nonwelded hydrogeologic unit Sampling and laboratory testing of sorptive properties of the
inmnediately below the repository
Calico Hills nonwelded hydrogeologic unit
Unsaturated
flow
and
transport
within
the
Calico
Hills
nonwelded
field testing
hydrogeologic unit formation to validate conceptual modelsSmpigndlbrty Sampling and laboratory and
dfedtsig
Monitoring rock mass thiemial-hydrologic-mechanical

Rock mass response to cooling

response as In cooling of Drift Scale Test

Coupled thermal-mechanical-hydrologic-chemical processes
Geochemical interactions as part of coupled processes
Stress corrosion cracking of barrier materials: Alloy 22; Tianium
Grade 7; and Stainless Steel Type 316NG
Long-term phase stability of Alloy 22 and Stainless Steel Type 316NG
Long-term stability of passive film on barrier materials
Dissolved radionuclide concentration limits
Colloidal radionuclide concentration end transportation Emits
Clad performance
In-package chemistry
Spent nuclear fuel degradation and high-level radioactive waste glass
degradation
Source: Modified from CRWMS M&O 2000ag, Table 3-6.
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Table 4-44. Identified Performance Confirmation
Testing and Monitoring Activities
Test Category

Core Performance

Performance Confirmation Activity
Seepage Monitoring
In Situ Waste Package Monitoring
Long-Term Materials Testing
Ventilation Monitoring
Rock
Mass Monitoring
l-~Mntrn

Confirmation-

In-_

__
Monitoring

_

monitoring drifts. The location of the alcoves will
be determined by applying such criteria as areas of
relatively high and low infiltration; overlying
bedrocktalluvium contact; faults and fracture
zones; geographic variation (north to south in the
Exploratory Studies Facility); and presence of
extreme (high or low) lithophysal cavity densities
and welded or nonwelded rock units. This activity
will also include confirmation testing of the
seepage threshold concept arising from the capil
lary barrier mechanism.

_

Introduced Materials Monitoring
Recovered Material Coupon Testing
Dummy Waste Package Testing
Recovered Waste Package Testing

In Situ Waste Package Monitoring-Remote
inspection technology will be employed to conduct
inspections of the waste packages in the emplace
ment drifts. In particular, remotely operated
inspection gantries that can conduct remote visual,
thermal, and radiological inspection of the waste
packages, as well as collect and place material
samples or coupons, will be used. These vehicles
will be remotely operated from a control center and
will periodically inspect each emplacement drift
and all accessible waste packages. They will be
able to inspect the upper and lower surfaces of the
waste packages and will operate within the high
temperature and high-radiation environment of the
emplacement drifts. A conceptual view of a
remotely operated inspection gantry is shown in
Figure 4-220.

Postclosure Simulation Testing

Geologic Observations and Mapping
Subsurface Sampling and Index
Testing
Baseline Analyses and Evaluatlonsa
Development Testing Unsaturated Zone Testing
Near-Field Environment Testing
Waste Form Testing
Waste Package Testing

Prototype Testing

Technical
Specfications and
Monitoring

Borehole Seal Testing
Ramp and Shalt Seal Testing
Groundwater Quality Monitoring
Groundwater Level and Temperature
Monitoring
Surface Uplift Monitofing
Subsurface Seismic Monitoring

NOTES: -Thls activity supports all other perormance
confirmation activities and Is included for
completeness.
Source: CRWMS M&O 2000ag, Table G-1.

4.6.1.1.1

Core Performance Confirmation

Core performance confirmation activities, as
defined in the Performance Confirmation Plan
(CRWMS M&O 2000ag), are the monitoring and
testing activities focused solely on the postclosure
performance of the repository. These core activities
generally begin with the start of waste emplace
ment. Conceptually, activities under this test
category include the testing and monitoring activi
ties discussed in the following paragraphs.
Seepage Monitoring-This monitoring evaluates
the ambient flow of water into excavations (i.e.,
seepage). Hydrologic testing and monitoring will
be performed in closed alcoves along access or

Long-Term Materials Testing-Long-term labo
ratory studies of the waste form, waste package,
and drip shield materials have been and continue to
be conducted to obtain data on various degradation
phenomena. Laboratory testing employs a range of
environmental conditions that bound and simulate
repository conditions at future times. Key parame
ters affecting drip shield and waste package
container performance have been and will continue
to be investigated, including parameters associated
with oxidation and aqueous corrosion.
Ventilation Monitoring---The emplacement drift
environment will also be monitored by sampling
the ventilation air that goes into and comes out of
each emplacement drift. Conceptually, monitoring
instruments can be installed within the air regulator
at the isolation door and within the exhaust mains
or raises. Some parameters that can be measured as
part of ventilation monitoring include wet and dry
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Figure 4.220. Conceptual Illustration of a Performance Confirmation Inspection Gantry
The inspection gantry will have onboard monitoring equipment capable of inspecting waste packages, emplacement

drift siructures. and environmental conditions. Source: CRWMS M&O 2000ag, Figure 5-1.
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bulb temperatures; relative humidity; radioactive
gas content (e.g., tritium, krypton-85, and radon);
air pressure; percentage of oxygen and carbon
dioxide; and dust content.

postclosure performance of the repository if they
remained after closure.
Recovered Material Coupon Testing-This
testing involves the placing of nonradioactive
waste package material specimens at different
locations in the emplacement drifts to expose them
to different environmental conditions. After a
defined period, the inspection gantry will retrieve
the specimens for laboratory examination at
surface or offsite facilities. Specimens will be
placed in a variety of exposure locations that will
cover a reasonable range of the geological and
geochemical variations expected to occur in the
repository. Testing with some specimens, including
welds, will be focused on container and cladding
materials.

Rock Mass Monitoring--The coupled thermal
hydrologic-mechanical response of the rock mass
around emplacement drifts will be monitored
through the performance confirmation period to
confirm the conceptual understandings and numer
ical simulations of coupled processes considered in

performance assessments. This monitoring will be
conducted at appropriate locations or areas to
provide sufficient coverage of the emplacement
horizon. Conceptually, this could entail measure
ment at three locations across the upper block of
the potential repository horizon (i.e., at the
northern, central, and southern reaches of the
horizon). Each test area will monitor approxi
mately 150 m (500 ft) of emplacement drift.
In-Drift Monitoring-To continually monitor the
conditions within emplacement drifts, a limited
number of in-drift instrument areas will be
installed in the drifts. These instruments will
provide continual readings at specific locations, at
times between the monitoring of the drifts by the
inspection gantry, and as a supplement to the indi
rect monitoring of the drifts (e.g., through
ventilation monitoring). The sensors would be
similar to those used for the inspection gantry.
Several stations would be located along the
emplacement drift axis of each test area to provide
an estimate of the change in values with distance
along the drift. Conceptually, to provide access to
these instruments, boreholes from adjacent obser
vation drifts or cross-block drifts could be
extended into the emplacement drifts.
Introduced Materials Monitoring-To monitor
and analyze changes from the baseline condition of
parameters that could affect the performance of a
geologic repository, it will be necessary to monitor
fluids and other materials introduced into the
repository horizon as a result of construction and
operations. This monitoring will be done to eval
uate the impact that introduced materials (e.g.,
water from construction activities, fire suppression
and ground support materials, hydrocarbons,
concrete, steel, and railcars) could have on the

Dummy Waste Package Testing--This activity
entails the construction of dummy waste packages
that have the same external materials, dimensions,
and configuration as a real waste package, but do
not contain any radioactive waste. Instead of waste,
each dummy package will house an electrical
heater and will be used in test drifts under simu
lated postclosure conditions.

0

Recovered Waste Package Testing-If a waste
package must be recovered for remediation, activi
ties will be defined on a contingency basis to
examine and test it for any potential surface or
weld degradation. However, an active program of
waste package recovery and inspection for perfor
mance confirmation purposes alone is not proposed
in the program.
Postclosure Simulation Testing-Postclosure
simulation testing will confirm whether the
measured conditions within a simulated postclo
sure drift are within ranges consistent with those
assumed in the license application. The testing
would be conducted after the start of waste
emplacement and would allow for the use of actual
waste in addition to dummy waste packages
equipped with heaters. A single test drift will be
separated into test sections, allowing for the simu
lation of several different test cases within the drift.
The postclosure configuration will be constructed
in the section with either dummy or actual waste
packages, a drip shield, and backfill (if employed)
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and will employ expected postclosure technology
and equipment. The test sections will be monitored
for decades, then deconstructed to evaluate barrier
response.
4.6.1.1.2

to provide a basis for evaluating the areal vari
ability of properties across the repository horizon.
Baseline Analyses and Evaluations-The activi
ties for baseline development include developing
the performance confirmation database and
predicting performance for all key parameters,
establishing tolerances and bounds for the parame
ters, and identifying completion criteria and
guidelines for corrective actions.

Development and iUcensing Testing

Performance confirmation activities under this test
category include baseline testing through comple
tion of subsurface construction. Preemplacement
testing to support the license application submittal,
licensing interactions, and preemplacement
licensing conditions, will also be performed under
this category.
The performance confirmation testing and moni
toring activities under development and licensing
testing are described in the paragraphs below.
Geologic Observations and Mapping-Geologic
mapping of repository excavations will be
conducted during construction to provide informa
tion to confirm and document the geologic
structure (stratigraphy) of the emplacement
horizon and the characteristics of major fracture
sets and faults. This mapping will be conducted in
accordance with applicable standard engineering
practices and procedures. Conceptually, mapping
will be performed for all excavations using a
combined approach of stereoscopic imaging and
digital mapping to obtain a digital record of the
excavation surface. This recording will be supple
mented with localized, detailed, full-periphery
geologic mapping and the collection of disconti
nuity statistics in selected areas.
Subsurface Sampling and Index Testing-A
sampling and laboratory index test program will be
implemented to support seepage testing, together
with thermal testing and monitoring activities.
Rock samples will be collected at sites corre
sponding to testing and instrumentation locations,
including alcoves and observation drifts. Parame
ters to be tested in the laboratory will include rock
chemistry, hydrologic properties, and mechanical
and thermal properties. The data will be incorpo
rated into the performance confirmation baseline
and performance predictions and are also expected

Unsaturated Zone Testing-Based on a prelimi
nary assessment of data needs, additional testing
may be conducted to obtain data on the effects of
construction on ambient moisture and seepage, as
well as on the sorptive and the unsaturated flow
and transport properties of the Calico Hills
nonwelded hydrogeologic unit.
Near-Field Environment Testing-Based on a
preliminary assessment of data needs, additional
testing may be conducted to obtain both data on the
coupled thermal-mechanical-hydrologic-chemical
response of the rock mass due to cooling and addi
tional field and laboratory testing data from
ongoing heater tests to investigate coupled
processes necessary to confirm the near-field
environment.
Waste Form Testing-Based on a preliminary
assessment of data needs for the waste form, addi
tional testing may be conducted to obtain data on
dissolved radionuclide concentrations, colloidal
concentration and transportation limits of waste
form materials, and cladding performance data
over the range of expected in situ conditions. Labo
ratory testing has been identified to obtain
additional data on in-package chemistry and its
effects on cladding performance and on colloidal
and dissolved radionuclide concentrations.
Waste Package Testing-Based on a preliminary
assessment of data needs for the waste package,
additional testing may be conducted to obtain data
on barrier materials (such as Alloy 22, Titanium
Grade 7, and Stainless Steel Type 316NG), stress
corrosion cracking, material phase stability, and the
phase stability of passive films that can form on the
surface of waste package materials.
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4.6.1.1.3

Prototype Testing

Performance confirmation testing activities will
also be conducted to examine the performance of
full-scale prototypes to demonstrate constructi
bility and the effectiveness of systems considered
important to safety. These activities are described
in the following paragraphs.
Borehole Seal Testing--Prototype testing of bore
hole seals will be performed in surface boreholes,
using appropriate drilling technology to install and
test the seals. This testing will involve seals
emplaced in shallow boreholes to allow for seal
recovery and will include hydraulic conductivity
and nondestructive testing of the seal. After testing,
the seals will be removed from the site for addi
tional materials testing in the laboratory.
Ramp and Shaft Seal Testing-Prototype ramp
and shaft seal tests will be conducted to examine
seal performance and to resolve design issues asso
ciated with large-scale construction not previously
addressed by laboratory or small-scale in situ
testing. These tests will be performed within repre
sentative geologic units and will use construction
techniques similar to those identified for repository
closure.
4.6.1.1.4

Technical Specifications and
Monitoring

Performance confirmation testing, and other
testing and evaluation activities, will be conducted
within the Geologic Repository Operations Area
and in the immediate region around the repository,
as necessary. Specific environmental testing and
monitoring activities related to performance confir
mation are described in the following paragraphs.
Groundwater Quality Monitoring--Active
monitoring of the uppermost aquifer will be
performed using a series of both upgradient and
downgradient wells. The wells will be installed and
periodically sampled to evaluate the chemistry and
radioactivity of groundwater adjacent to the reposi
tory. Conceptually, one upgradient and four
downgradient wells will be employed for perfor
mance confirmation.

Groundwater Level and Temperature Moni
toring---In coordination with groundwater quality
measurements, the in situ temperature and the
elevation of the groundwater in wells will be
measured and compared to prior measurements to
determine whether there have been hydrogeologic
or other changes that could modify groundwater
flow patterns.

S

Surface Uplift Monitoring-Using periodic,
precise measurements, uplift monitoring will be
conducted for the elevation grid of reference points
on the surface above the repository horizon. Eleva
tion changes over time will be used to determine
whether significant local surface movement is
occurring above the repository.
Subsurface Seismic Monitoring-Subsurface
seismic monitoring will be conducted to measure
the occurrence and magnitude of seismic events at
repository depth. Measurements will be compared
to the seismic design bases to confirm that a suffi
cient safety margin is being maintained.
4.6.2

Safeguards and Security

A repository at Yucca Mountain would be the first
permanent geologic repository for the disposal of
spent nuclear fuel and high-level radioactive waste,
including immobilized plutonium encased in high
level radioactive waste. The DOE will implement
appropriate safeguards, security, and reporting
measures consistent with 10 CFR 63.102(k) and 10
CFR 63.2 l(bX3) (66 FR 55732).
The DOE will establish a system for verifying,
tracking, and mapping each item of waste---both
civilian and defense--that is accepted, transported,
and eventually emplaced in the repository.
After closure, the DOE will also have the responsi
bility of maintaining institutional control over the
repository. The DOE will maintain appropriate
institutional controls consistent with plans to be
developed to support a license application if the
site is designated.
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5. DESCRIPTION OF THE PRECLOSURE SAFETY ASSESSMENT
shielding design. The principles of time, distance,
and shielding are used to keep radiation doses as
low as is reasonably achievable (ALARA) (e.g.,
Health Physics Manual of Good Practices for
Reducing RadiationExposure to Levels that are As
Low As is Reasonably Achievable [Munson et al.

This section describes the analytical methods and
summarizes the results of the preclosure safety
assessment for a potential repository at Yucca
Mountain. Section 5.1 describes how facilities and
systems for the potential repository would use
established commercial technologies and nuclear
industry technologies to reduce the risk of Cate
gory I and Category 2 event sequences, since these
technologies are well understood. Section 5.2
describes the approach used in assessing the
preclosure operational safety of a potential reposi
tory at Yucca Mountain. It also discusses event
identification, event sequence categorization, event
sequence consequence analysis, use of features and
controls important to radiological safety, and
quality assurance classification. Section 5.3
provides a description of events and the results of
consequence analyses and evaluations. Section 5A
describes the testing and evaluation program
planned for the potential repository's preclosure
period.

S

5.1

1988]).
Spent nuclear fuel transportation casks are
routinely loaded and unloaded in the United States.
Heavy loads are routinely moved by bridge cranes
at nuclear facilities, as they would be at a reposi
tory at Yucca Mountain. Across the United States,
commercial nuclear power reactors currently
operate spent nuclear fuel pools. At all operating
nuclear plants, handling spent nuclear fuel is a
routine activity. For example, from 1968 to 1994,
about 105,000 spent nuclear fuel assemblies were
discharged from commercial nuclear power reac
tors (DOE 1996b, Table 5). The lessons learned
from these experiences would be incorporated into
the design and concept of operations for any
repository.

KNOWN TECHNOLOGY AND
OPERATING SYSTEMS

5.2
A repository at Yucca Mountain would use
commercial and nuclear industry technologies for
preclosure construction and operations. The
methods these technologies use to reduce the risk
of event sequences are well understood.

BASIC SAFETY ASSESSMENT
METHOD

The two basic elements of any safety assessment
are event identification and consequence analysis.
The first element involves performing a systematic
review of relevant site and facility features and
processes in order to define the types of events that
can occur. Events identified include the full range
of probable events, from normal operational events
that might occur to very low-probability events.
Events are identified by first evaluating potential
hazards applicable to the site and facility design,
then developing a detailed site- and design-specific
event scenario in which event sequences are
defined and the anticipated frequency of occur
rence of events is established. Based on the
frequency of occurrence, events are categorized as
Category I or Category 2 event sequences. Event

Over the past 50 years, large nuclear facilities have
been designed, constructed, and operated by the
commercial nuclear industry and the U.S. govern
ment. Incorporated into the design of these
facilities are features and controls that prevent or
reduce the consequences of accidents. The reposi
tory design draws upon this extensive experience
and is based on proven technology in use at nuclear
installations worldwide. For example, high-effi
ciency particulate air filters have been used for
many years to reduce atmospheric emissions from
nuclear facilities. Monitoring systems have also
been used for many years to measure atmospheric
effluents. Computer codes to estimate exposure
from effluents have been developed and are widely
used. The principles of radiation shielding are well
known, and computer codes are available to aid in

sequences with lower frequencies of occurrence
are considered beyond Category 1 and Category 2
event sequences and were not analyzed further.
The second element of the safety assessment
involves estimating the consequences of the event
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sequences that are identified as a Category I or
Category 2 event sequences in the first process.
The safety assessment performs an important role
in the design process. It plays a key role in the
identification of facility design features and
controls important to safety and is a primary input
to the quality assurance classification process. In
some cases, alternative design approaches or addi
tional design features may be identified based on
safety assessment results, which are then consid
ered as part of an iterative design process. Based
on the insights and results obtained from the safety
assessment, the acceptability of the design can be
established.
5.2.1

Event Identification Process

Events are identified based on a review of reposi
tory site characteristics, facility design features,
and operational processes to be performed. An
analysis of the internal and external hazards associ
ated with preclosure operations is performed.
Internal hazards are presented by the operation of
the facility and associated processes. External
hazards involve natural phenomena and outside
man-made hazards, such as those posed by aircraft
and nearby government or industrial facilities. The
methodology used in the event identification anal
ysis provides a systematic means to identify
facility hazards- and associated events that may
result in radiological consequences to the public
and workers during the repository preclosure
period.
The first step in the hazard identification process is
to develop a list of generic internal and external
events that could result in radiological conse
quences to the public or workers. This generic list
is not facility-specific and attempts to identify
potentially hazardous events by providing a
comprehensive list of possible events. The generic
lists developed for the internal and external hazard
analyses are based on established hazard evalua
tion techniques (Stephans and Talso 1997;
American Institute of Chemical Engineers 1992).
Tables 5-1 and 5-2 list these generic internal and
external events.

5-2

Table 5-1. Generic Internal Events
Internal Event

Collslon/Crushlng
Chemical ContaminationlFlooding
Exploslon/Implosion
Fire
Radlatlon/MagnetlcElectxicaw/Fissa
Source:

Thermal
BSC 2001f. Table 5-1.

Once the site characteristics, facility design, and
operational processes are defined, they are evalu
ated against specified criteria to determine the
credibility of generic hazard events that could
result in radiological consequences. Event applica
bility criteria are developed for the generic events
to support the applicability determination. If the
criteria are satisfied, the generic event has the
potential for a radiological consequence and is
added to a list of specific initiating events to be
considered in the design and safety analysis.
The criteria used to determine the applicability of
internal hazards as initiators of event sequences are
listed below for each event category. Applicability
to a functional area of design is determined by a
positive response to all questions within a hazard
category or subcategory, as appropriate:

0

A. Collision/Crushing
1. Is kinetic or potential energy present?
2.

Can the kinetic or potential energy be
released in an unplanned way?

3.

Can the release of kinetic or potential
energy interact with the waste form?

B. Chemical Contamination/Flooding
I.

Reactions
a.

Are corrosive/reactive chemicals
or materials present?

b.

Can these chemicals or materials
be released?

c.

Can the chemicals or materials
interact with the waste form?

0
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Table 5-2. Generic External Events
Aircraf crash
Avalanche
Coastal erosion
Dam failure
Debris avalanching
Denudation

External Events
High river stage
Hurricane
Inadvertent future Intrusions (man-made)
Industrial activity-Induced accident
Intentional future intrusions (man-made)
Landslides

Seismic activity, uplifting (tectonic)
Seismic activity, earthquake
Seismic actMty, surface fault displacement
Seismic activity, subsurface fault displacement
Static fracturing
Stream erosion

Dissolution

Lightning

Subsidence

Epeirogenic displacement

Loss of offsltelonsite power

Tornado

Erosion

Low lake level

Tsunami

Extreme wind
Extreme weather fluctuations
Range fire
Flooding (storm, river diversion)
Fungus. bacteria, and algae
Glacial erosion
Glaciation
High lake level
High tide
Source: BSC 2001f, Table 5-2.

Low river level
Meteorite Impact
Military activity-induced accident
Orogenic diastrophism
Pipeline accident
Rainstorm
Sandstorm
Sedimentation
Selche

Undetected past Intrusions (man-made)
Undetected geologic features
Undetected geologic processes
Volcanic eruption
Volcanism, Intrusive magmatic activity
Volcanism. ashflow (extrusIve magmatic activity)
Volcanism, ashfall
Waves (aquatic)

2.

3.

Flooding

a.

Are volatile/condensable mate
rials present?

a.

Are sources of water present in
the area?

b.

Can these materials be released?

b.

c.

Can these materials interact with
the waste form?

Is there a potential to release the
water?

c.

Can the released water interact
with the waste form with the
potential for criticality?

Venting
a.
b.

4.

5.

Off-Gassing

Is there a potential for venting
materials in the area?

C. Explosion/Implosion

Can the materials interact with
the waste form?

1. Are pressure and electrical, chemical,
or mechanical energy present?

Debris/Leaks
a.

2.

Can an event occur that results in an
explosion or implosion energy
release?

3.

Can the released energy impact the
waste form directly?

Is there a potential for debris or

leaks in the area?
b.

Can the debris or fluids interact
with the waste form?
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D. Fire
1. Are fuel, oxidizers, and ignition
sources present?

E.

2.

Is there sufficient fuel and oxidizer to
sustain fire?

3.

Can fire interact with the waste form?

Radiation/Magnetic/Electrical/Fissile
I.

Are radiation/magnetic/electrical en
ergy sources present external to the
waste form? Is fissile material
present?

2.

Is a mechanism present to release
radioactive/magnetic/electrical
energy?

3.

Can the release of radiation/
magnetic/electrical energy interact
with the waste form? Can fissile
material be arranged, through oper
ational processes, in a way that will
result in criticality?

F. Thermal
1. Are external heat energy sources
present?
2.

Can heat energy be released?

3.

Can the heat energy affect the waste
form?

The criteria used to determine the applicability of
external events as initiators of event sequences are
listed below. The external event is considered a
potential initiator of an event sequence if all of the
following are determined to be true:
A. The potential exists and is applicable to
the Yucca Mountain site.
B. The rate of the process is sufficient to
affect the 100-year operational period.
(Example: Is erosion expected to occur at
the repository during the 100-year
operational phase?)
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C. The consequence of the process is
significant enough to affect the 100-year
operational period. (Example: Can the
consequences of erosion lead to a
radiological release at the repository
during the I00-year operational phase?)
D. The event frequency is greater than or
equal to 0.000001 events per year.
(Example: Is any event associated with
erosion expected to occur at a rate greater
than or equal to once in a million years?)
If all the above statements are true for any external
event, then the event is considered applicable. If
any one of the above statements is false for any
external event, the event is not considered appli
cable. If any statement is indeterminate (i.e., its
validity cannot be determined at this time), the
statement is treated as true and cannot be screened
out at this point.
To evaluate the design and operations for the
preclosure period, the period to be evaluated must
be defined. The process described above used a
100-year operational phase for the higher-tempera
ture operating mode, but the same process is valid
for lower-temperature operating modes that have
longer preclosure operational phases. Depending
on the thermal operating mode, the preclosure
period could be longer (see Section 2.1.5.2, Table
2-2) (BSC 2001f). An operational period of 100
years was selected as the duration to be used in the
evaluation since it bounds the emplacement period
for the range of thermal operating modes. The
handling of waste in the surface and subsurface
facilities is expected to last a minimum of 24 years
(see Section 2.3.4.5). A 100-year preclosure period
bounds surface and subsurface facilities operations
and is conservative for classifying events as Cate
gory I and Category 2 event sequences. For
example, using a 24-year period would result in a
Category I cutoff at 4.2 x 10"2 per year and poten
tially allow more event sequences to be compared
with the less restrictive Category 2 dose limits.
After the operational phase, when the waste has
been emplaced in the subsurface facility, the poten
tial for internal and external events is still possible.
Assuming a preclosure period of 325 years would
lower the Category I cutoff to 3.1 x 10-3 per year
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and lower the Category 2 cutoff to 3.1 x 104 per
year. However, it was determined that with a
325-year preclosure period, no new events would
be included (BSC 2001f, Section 4.4.1.2.1). Note
that PreliminaryPreclosureSafety Assessment for
MonitoredGeologic Repository Site Recommenda
tion (BSC 200if) describes Category I and
Category 2 design basis events. There is no differ
ence between Category 1 and Category 2 design
basis events and Category I and Category 2 event
sequences.
5.2.2

Event Sequence Categorization Process

The result of the event sequence identification
process is a list of event sequences with a corre
sponding frequency of occurrence. The frequency
of occurrence for each event sequence is deter
mined using fault tree analysis or data from
historical events. The frequency of occurrence is
usually expressed in terms of the chance of the
particular event sequence occurring during facility
operations, for example, "3 chances in 100 of
occurring before permanent closure of the reposi
tory." In this example, if the repository operates for
100 years and the event sequence frequency is
uniform over the entire period, it can be expressed
as 0.0003 per year or 3.0 x 10-4 per year. Initially,
when postulating the event sequence, no credit is
given to design features that could prevent or miti
gate the event (i.e., the most severe consequences
are evaluated). If the radiation dose consequences
of an event sequence are unacceptable, design
features are added to prevent or mitigate the event.
Based on frequency of occurrence, event
sequences are categorized as a Category I or Cate
gory 2 event sequence or beyond Category I and

Category 2 event sequences, consistent with
10 CFR 63.2 (66 FR 55732). Category I event
sequences are expected to occur one or more times
before permanent closure. This is about equal to an
annual frequency of one chance in one hundred
(0.01 per year)', based on a 100-year preclosure
operational period (BSC 2001f, Section 4.4.1.2.1).
Category 2 event sequences are other event
sequences that have at least I chance in 10,000 of
occurring before permanent closure. This is about

equal to an annual frequency of one chance in one
million (0.000001 per year), based on a 100-year
preclosure operational period (BSC 2001f, Section
4.4.1.2.1). Event sequences that have less than
1 chance in 10,000 of occurring before permanent
closure of the repository are considered beyond
Category I and Category 2 event sequences. The
consequences of some of these types of events are
presented in Final Environmental Impact State
ment for a Geologic Repositoryfor the Disposalof
Spent Nuclear Fuel and High-Level Radioactive
Waste at Yucca Mountain, Nye County, Nevada
(DOE 2002, Tables H-6 and H-7).
Event sequences are developed using event trees,
which are diagrams that depict the chronological
sequence of events. Figure 5-1 shows an example
of a typical event tree used to define event
sequences and quantify frequency of occurrence.
In this example, Event Sequence 1 begins with an
unsealed disposal container drop as the initiating
event. The second event represents a breach of the
spent nuclear fuel assembly. The last event in this
branch represents a fully functional ventilation
system and associated high-efficiency particulate
air filtration. This event sequence has a frequency
of 0.0084 per year, classifying it as a Category 2
event sequence. Event Sequence 2 represents a
release scenario in which the ventilation system
and the high-efficiency particulate air filtration
system are nonfunctional. This event sequence has
a frequency of 1.4 x 10- per year, which is consid
ered to be a beyond Category I and Category 2
event sequence; this would be the case even if the
probability of the high-efficiency particulate air
filtration system not functioning were increased a
hundredfold. Event Sequence 3, with zero proba
bility, represents an unsealed disposal container
drop that does not breach the enclosed spent
nuclear fuel assemblies and does not result in a
release.
As illustrated in Figure 5-1, the scenario develop
ment process involves the analysis of all facility
features or controls that can affect the progression
of an event sequence, including the effects of
successful operation or failure of the heating,
ventilation, and air conditioning systems with

All event sequence frequencies art assumed to be constant over the 100-ycar preclosure operating period.
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Figure 5-1.
Sample Event Tree
An event tree depicts the progression of an event sequence, starting at an initiating event and including successful
operation or failure of facility features or controls. In this example, the initiating event is an unsealed disposal
container drop and the facility feature or control is the ventilation system. The probability of breaching the spent
nuclear fuel assembly in this example, given an unsealed disposal container drop, is 100 percent.

high-efficiency particulate air filters, where appro
priate. Insights gained from evaluating the
frequency and consequences of such failure
sequences are especially useful as inputs to the
design and quality assurance classification
processes.

models used to estimate the radiation doses from
Category I event sequences. Appendix A of
Preliminary Preclosure Sqfeo" Assessment fiwr the
AMonitored Geohngic Retxpsitory Site Recommenda

tion (BSC 2001f) considers the influence of
flexible thermal operating modes with preclosure
periods of up to 325 years on Category I event

5.2.3

sequence selection.

Event Sequence Consequence Analysis
Process

Category 2 Event Sequences---[he radiation
doses from Category 2 event sequences conic from
event sequences anticipated to occur with frequen
cies between 0.01 and 0.000001 per year. This
frequency range assumes a i00-year preclosure
period that is associated with the higher-tempera
ture repository operating mode. The Category 2
event sequences all involve drops or collisions
while
handling
fuel
assemblies,
disposal
containers, and Iransporlation casks. Section
5.3.5.4I in Preliminary Preclosure Safrty Assess
ment fir the Monitored Geologic Repositwiy Site
Recommendation (BSC 20011) describes the

Category I Event Sequences-ibrec sources are
expected to contribute to the annual radiation dose
to the public or repository workers from Category
I event sequences during the ftacility's preclosure
operational lifetime: (1) operational effluents from
the Waste Handling Building, (2) operational efflu
ents from the subsurface areas of the repository,
and (3) event sequences anticipated to occur at a
frequency of 0.01 per year or higher. Section
5.3.5.4.1 in Prelirnmin Prcvlosmu•
r,
Safetv Assess
merit 'hr the Mimitored Geulogic Repository Site
Recommendation (BSC 20011) describes the
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models used to estimate the radiation doses from
Category 2 event sequences. The influence on the
selection of Category 2 event sequences of the
flexible thermal operating modes with preclosure
periods of up to 325 years is discussed in Appendix
A of PreliminaryPreclosureSafety Assessment for
the Monitored Geologic Repository Site Recom
mendation(BSC 2001 f).

important facility activities and to establish design
criteria and management controls based upon these
risk insights. This approach ensures that design
features and operational controls important to
radiological safety are selected in a manner that
ensures safety while minimizing operational
complexity through the use of proven technology.

Several dosimetric quantities were calculated for
Category I and Category 2 event sequences: (I) the
total effective dose equivalent; (2) the radiation
dose for various organs and tissues, such as the
thyroid, lungs, and bone marrow-, and (3) the
radiation dose for the skin. Consistent with
StandardReview Planfor Spent Fuel Dry Storage
Facilities (NRC 2000a, Section 9.5.2.2), the sum
of the skin dose equivalent and the total effective
dose equivalent was used to indicate the lens of the
eye dose.
5.2.4

Use of Features and Controls
Important to Radiological Safety

For accidents involving internal events, the anal
ysis in Design Basis Event Frequency and Dose
Calculationfor Site Recommendation(BSC 2001u,
Table 9) shows that drops of a spent nuclear fuel
assembly or canister were important contributors to
event sequences. To prevent these types of acci
dents, the assembly transfer system would be
designed, constructed, and operated so that the
probability of the dry .assembly transfer machine
dropping an assembly is low (CRWMS M&O
2000v, Section 1.2.2.1.1). In addition, to reduce the
probability that the assembly or canister would be
breached because of a drop, the lift heights for fuel
assemblies and canisters would be limited, as is
standard practice in nuclear facility design and
operations.

The repository design incorporates a combination
of prevention and mitigation features and opera
tional controls. Prevention is the use of design
features to reduce the frequency of events that
result in radiological release. Mitigation involves
the use of design features to reduce the conse
quences of a postulated radiological release event
sequences, and includes those features intended to
reduce releases from routine operations that are
included in the Category I event sequences annual
dose summation. The safety assessment is used to
identify preventive and mitigative features.

*1ý

The repository would be designed, constructed,
and operated to withstand external events and
natural phenomena for Category I and Category 2
event sequences. For example, Section 2.2.4.2.2 of
this report discusses requirements for designing the
surface facilities to withstand the vibratory motion
associated with earthquakes. As an example, in the
assembly transfer system and canister transfer
system, overhead cranes and assembly transfer
machines would be designed so that they would not
become dislodged from their rails during a Cate
gory 1 or Category 2 event sequence earthquake.
Section 2.2.5 also discusses the design processes
used to keep radiation doses to workers ALARA.

The repository design emphasizes prevention
features because prevention provides design and
operational benefits. From an operations perspec
tive, surveillance and maintenance of active safety
features have been demonstrated to add to the oper
ational complexity of existing nuclear facilities.
Prevention features are incorporated in the design
by performing the safety assessment as an integral
part of the design process in a manner consistent
with a performance-based, risk-informed philos
ophy. A risk-informed approach uses risk insights,
engineering analysis and judgment, and equipment
performance history to focus attention on the most

The analyses in Design Basis Event Frequencyand
Dose Calculationfor Site Recommendation (BSC
2001u, Section 5.2.5) show that the availability of
the Waste Handling Building heating, ventilation,
and air conditioning system with high-efficiency
pa-ticulate air filters plays a large role in mitigating
the consequences of accidents. Therefore, the
ventilation system would be designed to be highly
reliable. For example, it would be designed to
withstand earthquakes, impacts from flying debris
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(referred to as missilesy, fires, or loss of offsite
electrical power and still perform its intended
safety functions.

3.1.3 of QAP-2-3, Classification of Permanent
Items, consistent with Section 2 of Quality Assur
ance Requirements and Description(DOE 2000a).

The key prevention and mitigation methods rely on
the use of:

Quality Level (QL)-l-Sructures, systems, and
components whose failure could directly result in a
condition adversely affecting public safety are
classified as QL-1. These items have a high safety
or waste isolation significance.

"Designs that accommodate potential natural
phenomena (e.g., fault avoidance, placement,
layout, design basis to withstand seismic
events, backup power)

QL-1 structures, systems, and components include
those items, which:

" Designs that incorporate safety features for

"* Maintain containment and criticality control

normal operations and Category I and Cate
gory 2 event sequences (e.g., limits of lift
heights, air filtration and confinement sys
tems, redundant systems, limit switches)

for spent nuclear fuel and high-level radioac
tive waste

"* Prevent or mitigate a Category I or Category
2 event sequence.

"* Administration controls (e.g., trained and
certified personnel, approved procedures).
5.2.5

Quality Assurance Classification
Process

The safety assessment provides valuable input to
the quality assurance classification process. Repos
itory features credited as event prevention or
mitigation features in the safety assessment are
"important to safety," and the safety assessment is
useful in determining an item's functional role as
part of the repository preclosure safety strategy.
Classification is performed in a separate analysis,
in accordance with formal quality assurance classi
fication procedures. Structures, systems, and
components important to safety are classified in a
graded fashion to ensure quality assurance controls
are implemented over the facility life cycle
commensurate with an item's importance to safety.

QL-1 structures, systems, and components are
listed in Table 5-3 with a brief summary of their
functions that are important to safety.
QL-2-Structures, systems, and components
whose failure or malfunction could indirectly result
in a condition adversely affecting public safety, or
whose failure would result in doses in excess of
normal operational limits, are classified as QL-2.

These items have a lower safety or waste isolation
significance.
QL-2 structures, systems, and components include
those items, which:

"* Provide control and management of site-gen
erated radioactive waste

" Provide fire protection/suppression to protect
the function of a QL-1 structure, system, or
component important to safety

The classification process consists of establishing
the configuration and finction of structures,
systems, and components and their effect on repos
itory radiological safety. It is limited to structures,
systems, and components procured as a part of the
repository system (e.g., transportation casks are not
included). This information is then evaluated
against criteria provided in the classification proce
dure to determine the quality assurance
classification of the particular item. The following
classification categories are specified by Section

" Maintain structure, system, or component
integrity so that a QL-I structure, system, or
component is not prevented from performing
its intended function if an event sequence
occurs

" Prevent or mitigate a Category 1 event
sequence
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Table 64. QL-1 Structures, Systems, and Components
Structure, System, or
Monftored Geologic
Component
Repository System
Assembly transfer baskets Assembly transfer system
Basket staging racks
Assembly transfer system
Control and tracking system Waste emplacementf
retrieval system

Function Important to Safety
Provide criticality control for spent nuclear fuel assemblies
Provide criticality control for spent nuclear fuel assemblies
Provide operational Information to the operations, monitoring, and
control system; minimize the likelihood of uncontrolled descent of the
waste package transporter and the possible Impact of a waste package
with the subsurface facility structure or other facility equipment
resulting In radiological release

Disposal containers
Drip shield
Locomotives

Waste package designs
Emplacement drift system
Waste emplacementl
retrieval system

Modified waste package
transporter

Waste emplacementl
retrieval system

Provide containment and criticality control for waste
Provide containment waste package protection, and heat transfer
Mirimize the likelihood of uncontrolled descent of the waste package
transporter and the possible Impact of a waste package with the
subsurface facility structure or other facility equipment resulting Ina
radiological release
Minimize the likelihood of uncontrolled descent of the waste package
transporter and the possible Impact of a waste package with the
subsurface facility structure or other facility equipment resulting In
radiological release

Small canister staging racks Canister transfer system
Waste package transporter Waste emplacement/
retrieval system

Provide criticality control for DOE high-level waste canisters
Minimize the likelihood of uncontrolled descent of the waste package
transporter and the possible Impact of a waste package with
subsurface facility structure or other facility equipment, resulting Ina
radiological release

Waste Handling Building
Waste Handling Building
structure
system
Source: BSC 2001f, Table 4-1.

Provide containment of radioactive materials, radiation shielding, and
protection of equipment from Intemal and external hazards

"* Monitor variables to verify that operating

* In conjunction with an additional item or
administrative control, prevent or mitigate a

conditions are within technical specification
limits

Category 2 event sequence.
QL-2 structures, systems, and components are

"• Support repository emergency

listed in Table 5-4 with a brief summary of their

functions that are important to safety.
QL-3-Structures,

systems,

response

actions

"* Assess radionuclide release or dispersion fol

and components

lowing an event sequence

whose failure or malfiuction would not signifi
cantly impact public or worker safety, including
those defense-in-depth design features intended to
keep radiation doses ALARA, are classified as
QL-3. These items have a minor impact on public
and worker safety and on waste isolation.

"* Maintain levels of radioactive effluents
"* Limit worker doses from normal operations
and Category I event sequences.

QL-3 structures, systems, and components include
those items, which:

Examples of structures, systems, and components
classified as QL-3 include the meteorological
monitoring system, area radiation monitoring
system, and exhaust stack radiation monitors (BSC
2001f, Table 4-3).

* Warn of significant increases in radiation
levels or concentrations of radioactive
materials
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Table 5-4. QL-2 Structures, Systems, and Components
Structure, System, or
Component
Assembly drying system

Monitored Geologic
Repository System
Assembly transfer system

Backfill emplacement system
Bridge cranes

Control and backing system

Backfill emplacement system
Assembly transfer system
Cardierlcask handling system
Canister transfer system
Disposal container handling system
Waste package remediation system
Assembly transfer system

Control and tracking system

Carnerlcask handling system

Control and tracking system

Canister transfer system
Disposal container handling system
Waste package remedlation system
Assembly transfer system

Function Important to Safety
Collect and manage site-generated radioactive waste
produced Inthe assembly drying process
Maintain structural Integrity
Maintain structural Integrity
Prevent Interactions with CL-1 structures, systems, and
components
Minimize the likelihood of drop of assembly transfer
basket during transfer of spent nuclear fuel assembles
Provide operations support necessary for waste handling
safety by controlling crane movement durng handling of
transportation casks
Support site-generated radibloglcal waste collection and
management functions

Coiled and manage the site-generated radioactive waste
generated in the spent nuclear fuel container cooling
process
Waste emplacementfretrieval system Provide for radioactive particulate confinement
Covered shuttlecars
Collect and manage the site-generated radioactive waste
Disposal container handling system
Disposal container Inerting
generated inthe disposal container Inern process
system
Maintain structural integrity
Disposal container loading port Assembly transfer system
mating device
Maintain structural integrity
Disposal container weld station Disposal container handling system
jib crane
Collect and manage the site-generated radioactive waste
Assembly transfer system
Decontamination systems
generated inthe process of facility and equipment
Canister transfer system
decontamination
Disposal container handling system
Waste Handling Building system
,Wastepackage remedlation system
Waste emplacemenlretrteval system
Maintain structural integrity
Dry assembly transfer machine Assembly transfer system
Prevent drop of assembly transfer basket during transfer
of spent nuclear fuel assemblies
Collect and manage radiologically contaminated metal
Assembly transfer system
Dual-purpose canister lid
chips generated during dual-purpose canister lid removal
tool
severing

Cooling system

operations

Emergency power source and
distribution system

Waste Handling Building electrical
system

Emplacement drift ground

Ground control system

control

Fire detection systems
Fire suppression systems
Invert
Liffing fixtures, cask and dualpurpose canister preparation
system
Lifting fixtures. disposal
container handling system

Support the Waste Handling Building primary ventilation
system In mitigating the consequences of an event
sequence
Mintize the likelihood of breach of waste package In
emplacement drift due to rockfall

_

Protect CL-1 structures, systems. and components from
the effects of fire
Protect CL-1 structures, systems, and components from
the effects of fire
Provide support for mobile equipment Inthe drifts and for
the drip shield and waste packagewpaflet combination
Maintain structural integrity

Waste Handling Building fire
protection system
Waste Handling Building fire
protection system
Emplacement drift system
Assembly transfer system
Disposal container handing system

I

I
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Table 6.4. QL-2 Structures, Systems, and Components (Continued)
Structure, System, or
Component
LiUfing fixtures, dry assembly
handling system
Liquid low-level waste system

Monitored Geologic
Repository System
Assembly transfer system

Mixed low-level waste system

Site-generated radiological waste
handling system

Monitored geologic repository
operations monitoring and

Monitored geologic repository
operations monitoring and control

control system

system

Multipurpose hauler

Waste emplacementlretrieval system

Pool water treatment

Pool water treatment and cooling
system
Site fire protection system

Site fire protection system
Solid low-level waste system

Function Important to Safety
Minimize the likelihood of drop of assembly transfer
basket during transfer of spent nuclear fuel assembles

Conlect and manage site-generated radioactive waste
generated in the operation of monitored geologic
repository facilites
Collect and manage site-generated mixed waste
generated Inthe operation of monitored geologic
repository facilities
Mitigate the consequences of an event sequence

Site-generated radiological waste
handling system

Site-generated radiological waste
handling system

ftste Handling Building ventilation
Waste Handling Building
primary, secondary, and tertiary system
confinement area ventilation

Provide for radioactive particulate confinement for
breached waste packages
Collect and manage site-generated radioactive waste
generated inthe process of pool water treatment
Protect QL-1 structures, systems, and components from
the effects of fire
Collect and manage site-generated radioactive waste
generated Inthe operation of monitored geologic
reposito•ry facilities
Mitigate the consequences of an event sequence

system

Waste package remediation system
Waste packageldisposal
container weld preparation and
opening system
Waste package horizontal lifting Disposal container handling system

Collect and manage radiologically contaminated metal
chips generated during lid removal operations
Maintain structural integrity

system

Waste package emplacement
pallet
Waste Treatment Building
confinement ar ventilation

Emplacement drift system
Waste Treatment Buiding ventilation
system

repository facilities

system

Waste Treatment Building
system

Prevent the waste package from shifting and Impacting
the drip shield
Collect and manage site-generated radioactive waste
generated in the operation of monitored geologic
Collect and manage site-generated radioactive waste
generated inthe operation of monitored geologic
repository facilities .
Maintain structural Integrity

Waste Treatment Building system

Wet assembly transfer machine Assembly transfer system
Source: BSC 2(Xlf. Table 4-2.

Conventional Quality (CQ)-Those structures,
systems, and components not meeting any of the
criteria for QL-I, QL-2, or QL-3. Examples of
structures, systems, and components classified as
CQ include materials for balance-of-plant build
ings, utilities, and commercial off-the-shelf
materials and equipment.
This classification process is implemented in an
iterative fashion, where each analysis iteration is

considered for that phase of design. Classifications
of repository structures, systems, and components
will, therefore, be reevaluated as the design is
developed. This approach is consistent with Tech
nical Position on Items andActivities in the High
Level Waste Geologic Repository ProgramSubject
to Quality Assurance Requirements (Duncan et at.
1988, Section 4.2(a)), which allows engineering
judgment and conservative bounding assumptions
to be used in cases where data are limited.

5-11

Yucca Mountain Science and EngineeringReport
DOEIRW-0539 Rev. I
5.3

PRELIMINARY DESCRIPTION OF
POTENTIAL HAZARDS, EVENT

postulated to occur as a result of an external event

SEQUENCES, AND CONSEQUENCES

internal event (e.g., fire or random equipment
failure). Loss of offsite power would, at a
minimum, temporarily halt the transfer of waste.
Loss of offsite power at the potential repository is
assumed to occur one or more times during preclo
sure operations; therefore, it is a Category I event
sequence.

This section presents the preliminary description of
potential hazards, event sequences, and conse
quences of event sequences. Section 5.3.1
identifies the external events and natural
phenomena that are~the initiating events that could
lead to a radiological release. Section 5.3.2
describes internal initiating events, including those
that could result in a potential radiological release,
no release, or a beyond Category I and Category 2
event sequence. Section 5.3.3 presents the conse
quence evaluations for Category I and Category 2
event sequences.

(e.g., lightning or downed power line) or an

0

The strategy for this event is to prevent Category 1
or Category 2 release scenarios by providing reli
able power through redundant standby power
sources (onsite), uninterruptible power, redundant
emergency equipment where needed, redundant

distribution systems, and mechanical backup
controls for components important to safety. Struc

5.3.1

Preliminary Description of External
Events

The general strategy for managing external initi
ating events is to design those structures, systems,
and components important to safety to withstand

the initiating events so that no release scenarios are
initiated and no loss of isolation of radioactive
material results. Table 5-5 lists the external events
and natural phenomena initiating events considered
in this evaluation.. The events in Table 5-S are
appropriate for preclosure period of 100 years as
well as 325 years (BSC 2001f, Appendix A).

tures, systems, and components important to safety
are designed to prevent load drops during a loss of
offsite power. Onsite backup power sources with
staged loading controls and potential redundant
offsite power lines and sources may be used to
ensure continuous power is supplied to structures,
systems, and components important to safety. The
potential repository design would also include such
features as external lightning rods to protect
against a lightning-initiated loss of offsite power.
Earthquake--Vibratory Ground Motion-An
earthquake is the result of sudden relative motions,
or slip, between two adjacent rock surfaces in the

earth's crust The sudden slip results in the release

Loss of Offsite Power-This event results in the

of seismic energy, in the form of vibratory ground
motion, that propagates from the location of the

total loss of external alternating current power to
the potential repository for any period of time. It is

Table 5-5. External Initiating Events and Natural Phenomena

Initiating Event/Natural Phenomenon
Loss of offaite power
Earfhuake-vibratory ground motion
Earthquake-fault displacement

Location
Surface and subsurface facilities
Surface and
subsurface facilties
Surface and
subsurface facilities
Surface and subsurface facilities
Surface facilities
Surface faciities

Frequency (per
year)
<1
0.001
0.0001
0M0001
0.00001
-<0.01
-0.01
-0.01

Initiating Event
Frequency
Categorya
1
1
2
1
2
2
2
2

Probable maximum flood
Tornado missiles
Tornado wind
NOTES: -- or external events, te iumatang event te.g., earnquakej frequency Is conswerae Inead of mte evm sequencw.
Source: BSC 2001f, Table 5-4
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The following NRC documents related to design
basis seismic events were among the sources
considered in the repository design process:

earthquake to the earth's surface. This ground
motion can impact structures, systems, and compo
nents in the surface and subsurface facilities and
lead to a radiological release. The possible conse
quences of an earthquake include a collapse of
structures, concrete cracking, loss of offsite power,
ground displacement, and subsurface rockfall.

"* Regulatory Guide 1.29, Seismic Design
Classification

"• Regulatory Guide 1.32, Criteriafor Safety
Related Electric Power Systems for Nuclear
PowerPlants

The U.S. Department of Energy (DOE) would use
proven engineering techniques to design structures
to withstand potential earthquakes in the site area.
The repository surface facilities, where waste
would be received, prepared for emplacement, and
moved into the repository, would be subject to
stronger earthquake ground shaking than subsur
face facilities, where waste would be emplaced.

"* Regulatory Guide 1.60, Design Response
Speetrafor Seismic Design ofNuclearPower
Plants

"• Regulatory Guide 1.61, Damping Values for
Seismic Design of NuclearPowerPlants

"• Regulatory Guide 1.92, Combining Modal

Preclosure Seismic Design Methodology for a
Geologic Repository at Yucca Mountain (YMP
1997, Section 3.1) establishes seismic hazard prob
ability reference values to be used in determining
two levels of design basis vibratory ground motion.
The two reference values correspond to Category 1
and Category 2 event sequences and are defined as
mean annual exceedance probabilities of 10- and
10'-, respectively. The mean annual probabilities
were used in the disaggregation of probabilistic
seismic hazard estimates (CRWMS M&O 2000fd,
Section 6.5.3) to identify those earthquakes that
control the seismic hazard at the reference
probabilities.

Responses and Spatial Components in
Seismic ResponseAnalysis

" Regulatory Guide 1.122, Development of
Floor Design Response Spectra for Seismic
Design of Floor-Supported Equipment or
Components

" Regulatory Guide 1.165, Identification and
Characterization of Seismic Sources and
Determinationof Safe Shutdown Earthquake
GroundMotion.
Earthquake-Fault Displacement-A fault is a
fracture or zone of weakness in the earth's crust
along which there is the potential for relative
motion of rocks on opposing sides of the fracture.
Scientists have used the data from site character
ization studies to assess the potential for fault
rupture related to earthquakes.

Ground motion inputs used for preclosure design
analyses are described in Section 4.3.2.2.3 (Figure
4-165). These inputs are based on a mean annual
exceedance probability of 104 and were developed
for generic locations at the repository elevation
(i.e., a depth of 300 m [1,000 ft]) and at a hard-rock
outcrop directly above the potential repository.
The safety strategy for the surface facilities is to
design the structures, systems, and components
important to safety to withstand the effects of a
design basis earthquake. The design and construc
tion attributes necessary to ensure that structures
and systems are not compromised during a seismic
event are well understood and would be applied to
the repository facilities.

Preclosure Seismic Design Methodology for a
Geologic Repository at Yucca Mountain (YMP
1997) establishes the probabilistic criteria for fault
displacement initiating events appropriate for
structures, systems, and components important to
safety. Specifically, the mean annual exceedance
probabilities of 10-4 and 10- are used for Category
1 and Category 2 initiating event fault displace
ments, respectively. These values are a factor of 10
lower than the exceedance probabilities of the

5-13

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1

corresponding Category I and Category 2 initiating
event vibratory ground motion, reflecting the more
limited experience with engineering designs for
facilities that are subject to fault displacement and
with assessments of fault displacement hazard.
An evaluation of the fault displacement hazard at
nine locations in the Yucca Mountain vicinity was
part of the probabilistic seismic hazard analyses
(CRWMS M&O 2000fd, Section 6.6.3). The nine
locations span the range of known faulting condi
tions in the area, which include recognized faults,
small firactures, and unfaulted (intact) rock. Results
of the hazard assessment indicate that mean
displacements on the block-bounding Bow Ridge
and Solitario Canyon faults are 7.8 cm (3.1 in.) and
32 cm (12.6 in.), respectively, at the 10"5 annual
exceedance probability level. In contrast, in areas
where waste would be emplaced, displacements of
0.1 cm (0.04 in.) have less than one chance in
100,000 of being exceeded each year during the
preclosure period.

as the magnitude of peak discharge at any point on
a river or drainage channel that can be expected to
occur or be exceeded, on average, once in
100 years. Since the Yucca Mountain area is
located inland and has no significant surface-water
bodies or water-control structures near the site,
there is no potential for such events as surges,
seiches, tsunamis, dam failures, or ice jams that
could affect the site nor is there any potential for
future dam development. No evidence for past
flooding induced by landslides in the vicinity of the
site has been reported. However, floods can
produce heavy loads on structures and equipment.
The consequences of a flood initiating event are
expected to bound the rainstorm, landslide, and
debris avalanche events (BSC 2001f, Section
5.2.1.4).

The primary safety strategy for the flood event is to
locate facilities outside of flood-prone areas and
provide diversion channels to divert runoff away
from structures. Taking into account the effects of
sediment and debris transported during flood
events, a series of worst-case flood studies was
Unlike vibratory ground motion hazard, fault
completed. The North Portal site is adjacent to the
displacement hazard is concentrated at the location
Midway Valley Wash. The maximum depth of
of faults. Consequently, the exposure of structures,
water in this wash was estimated to be about 3 to
systems, and components to fault displacement
4 m (9 to 12 ft) during a probable maximum flood,
hazard can be liibited by avoiding locations near
with consideration given to the presence of sedi
faults that have a significant potential for fault
ment and debris. Although it was determined that a
displacement. Fault avoidance is the DOE's
portion of the North Portal pad is in the flood
preferred approach to mitigating fault displacement
prone area, the flood waters would stop at or flow
hazards.
around the boundary of the pad because the pad
would be higher than the maximum flood levels.
The NRC's Staff Technical Position on Consider
response'to flow restric
ation of Fault DisplacementHazards in Geologic Since water would rise in
the Waste Handling
pad,
the
by
caused
tions
Repository Design (McConnell and Lee 1994) was
Building would be
Treatment
Waste
and
Building
considered in the repository design process.
set approximately 0.5 m (1.5 ft) above the
maximum flood elevation. The pad for the balance
Flood-An external flood may be initiated by
of-plant area would be set about I m (3 ft) below
intense precipitation, runoff, or a landslide. As
the floor elevation of the Waste Handling Building
defined by Section 2 of ANSI/ANS-2.8-1992,
the southeast
American National Standard for Determining to account for its dock height at
Radiologically
the
of
drainage
The
corner.
Design Basis Flooding at PowerReactor Sites, the
Controlled Area would protect this pad from a
probable maximum flood is the hypothetical flood
probable maximum flood. An underground storm
(peak discharge, volume, and hydrograph shape)
drainage collection system would contain the
considered to be the most severe reasonably
runoff from this area and prevent spillage into the
possible flood, based on a probable maximum
balance-of-plant area, protecting the pad from the
precipitation and other hydrologic factors favor
flood. Two open channels constructed for the
able for maximum flood runoff, such as sequential
Exploratory Studies Facility would protect the
storms and snoWmelt. A 100-year flood is defined
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North Portal from the probable maximum flood
(BSC 2001f, Section 5.2.1.4).
The Waste Handling Building, Waste Treatment
Building, and Carrier Preparation Building are all
designed to withstand the probable maximum
flood. Other surface facilities are designed to with
stand the 100-year flood, based on standard
industrial practice (BSC 2001tf Section 5.2.1.4).
For defense in depth, the following additional
surface facility characteristics or design features
may also be used for flood protection:

"* Hardened foundations and structures
"* Sandbags, flood doors, and bulkheads
"* Waste Handling Building cells located within
an interior wall

"* Administrative

controls
weather conditions.

during

severe

Regulatory Guide 1.59, Design Basis Floods for
Nuclear Power Plants, was among the sources
considered in the repository design process.
Tornado Missiles-This event involves the impact
of a tornado-generated missile (flying debris). The
tornado initiating event is classified as a Category
2 event sequence (BSC 2001f, Section 5.2.1.5).
The primary safety strategy is to preclude a radio
logical release by designing structures, systems,
and components important to safety that could be
vulnerable to a tornado missile to withstand the
design basis tornado.

Sections 3.5.1.4 and 3.5.2 of StandardReview Plan
for the Review of Safety Analysis Reports for
Nuclear Power Plants (NRC 1987) provide NRC
guidance on missiles generated by natural
phenomena and externally generated missiles,
respectively. Additional defense-in-depth safety
features may include administrative controls in the
event of a tornado warning or extreme weather
conditions, hardened buildings, and the installation
of underground utilities.
Tornado Wind-This event is associated with the
effects produced by high winds during a tornado

(i.e., pressure drop and wind loading). The conse
quences of this event are pressure loads on the
surface facilities, waste package transporter, and
transportation cask surfaces. The design basis
tornado wind is classified as a Category 2 event
sequence (BSC 2001f, Section 5.2.1.6).
Structures, systems, and components that are
important to safety and potentially vulnerable to a
tornado would be designed to withstand the static
loading and pressure drops associated with the
design basis tornado. This strategy includes
designing the Waste Handling Building founda
tions and structures to withstand the design basis
tornado and designing the Waste Handling
Building ventilation system to confine and filter
particulates following a design basis tornado.
The following NRC documents related to design
basis tornadoes were among the sources considered
in the repository design process:
• Regulatory Guide 1.76, Design Basis
Tornadofor NuclearPower Plants

Structures, systems, and components that are
vulnerable to tornado missile impacts are either
protected from the missiles, designed to withstand
a missile impact, or shown to not interact with a
missile by a probabilistic analysis. The waste
package transporter is designed to prevent any
penetration that could breach a waste package as a
result of the impact of a tornado missile, the
surface facility foundations and structures would
be designed to protect the waste forms inside from
a tornado missile initiating event, and the Waste
Handling Building ventilation system would be
designed to continue functioning after a tornado
missile initiating event impact.

* Regulatory Guide 1.117, Tornado Design
Classification

Sections 2.3.1 (Regional Climatology), 3.3.1
(Wind Loadings), and 3.3.2 (Tornado Load
ings) of StandardReview Planfor the Review
of Safety Analysis Reportsfor Nuclear Power
Plants(NRC 1987)
Tornado Climatology of the Contiguous
UnitedStates (Ramsdell and'Andrews 1986).
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The design basis tornado wind for the Yucca
Mountain region is 304 km/hr (189 mi/hr), with a
0.000001 probability of occurrence and a
90percent strike probability confidence interval
(BSC 2001f, Section 5.2.1.6). This wind speed
bounds both the 100-year return period fastest mile
wind (100-year, 1-minute gust) referenced in &ran
dardReview Planfor the Review of Safety Analysis
Reports for Nuclear Power Plants (NRC 1987,
Section 2.3.1) and the basic wind (50-year,
3-second gust) calculated from the methodology in
Section 6 of ASCE 7-98, Minimum Design Loads
for Buildingsand OtherStructures.
As with the tornado-generated missile event,
potential defense-in-depth safety features to protect
against tornado winds may include administrative
controls in the event of a tornado warning or
extreme weather conditions, hardened buildings,
and the installation of underground utilities.
In summary, the repository structures, systems, and
components deemed important to safety would be
designed to withstand or to be protected from
bounding external events and natural phenomena
to prevent the release of radioactive material.
5.3.2

Preliminary Description of Internal
Event Sequences

Radiological consequences for the bounding
internal event sequences were evaluated. Bounding
event sequences include groups of similar event
sequences that result in the maximum radiological
consequences to a member of the public at the
preclosure controlled area boundary or to a worker
onsite. Collectively, the bounding event sequences
establish constraints on the facility design to ensure
that structures, systems, and components important
to safety would perform their intended function
during an event sequence, and that any radiological
releases would remain within established dose
limits.
Internal event sequences were screened into one of
three groups, based on their frequency of occur-

rence and potential to result in a radiological
release:

"* Internal event sequences with potential
releases

"* Internal event sequences with no releases
* Beyond Category 1 and Category 2 event
sequences.
5.3.2.1

Internal Event Sequences with
Potential Releases

These events could potentially result in a release of
radionuclides, and would therefore be mitigated by
the facility design. These events have been classi
fied as Category 1 or Category 2 event sequences.
In PreliminaryPreclosure Safety Assessment for
MonitoredGeologic Repository Site Recommenda
tion (BSC 2001f, Section 4.4.1.2.1), the impact of
preclosure operational periods of up to 325 years
on the internal events screening frequency thresh
olds (see Section 5.2.2) were investigated. For
internal events that could impact the surface
facility, the conclusion was that the results of using
a 100-year preclosure period to screen internal
event sequences would be unchanged by extending
the period to 325 years since surface fuel handling
operations would be completed after approxi
mately 24 years. There would be no waste forms in
the surface facility once the waste package subsur
face emplacement operations are completed.
Preliminary Preclosure Safety Assessment for
MonitoredGeologic Repository Site Recommenda
tion (BSC 2001f, Appendix A2.1) considered the
increased number of waste packages for the lower
temperature thermal operating mode with de-rated
or smaller waste packages (see Section 2.1.5.2,
Table 2-2) and judged that the effect of additional
waste package handling could increase the likeli
hood of some event sequences but would not
change the selection of bounding event sequences
that result in radionuclide releases. One potential
approach to lowering the thermal output of waste
packages is to age fuel by placing it into the fuel
blending inventory (see Section 2.1.4). Preliminary
Preclosure Safety Assessment for Monitored
Geologic Repository Site Recommendation (BSC
2001f, Appendix A6) judged that the handling and.
storage of fuel in this scenario is not expected to
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tained by repairing and restarting the forced

change the selection of bounding event sequences
that result in radionuclide releases.

circulation equipment within about 3 weeks (see
Section 2.3.4.3.1.3).

For the subsurface facility, extension of preclosure
operations to 325 years does impact the screening
criteria. However, Preliminary Preclosure Safety
Assessment for Monitored Geologic Repository
Site Recommendation (BSC 2001f) examined the
selection of internal event sequences based on an
extended preclosure period and found no new
internal events that would impact the selection of
bounding event sequences. For example, the
extended forced circulation ventilation activities in
the subsurface facility after emplacement is
completed, but before permanent closure, would
not be expected to result in a loss of waste package
containment.

5.3.2.1.1

Category 1 Event Sequences
Internal

The Category 1 event sequences evaluated in
Preliminary Preclosure Safety Assessment for
Monitored Geologic Repository Site Recommenda
tion (BSC 2001f, Section 5.3.2) occurred during
the handling of uncanistered commercial spent
nuclear fuel assemblies or spent nuclear fuel
assembly baskets in the assembly transfer system.
Table 5-6 identifies the Category I event sequences
that could potentially result in radiological
releases.

All the thermal operating modes evaluated periods
of forced ventilation (see Section 2.1.5.2, Table
. 2-2). Forced ventilation system failures are not
expected to prevent the waste package from
providing containment during the preclosure
period. After waste emplacement is completed, it
would take about 3 weeks without forced cooling
before emplacement drift wall temperature limits
are approached. Therefore, temperature goals
supporting postclosurc performance can be main-

Sequences Involving Individual Spent Nuclear
Fuel Assemblies-Unconfined spent nuclear fuel
assemblies (i.e., assemblies not in containers) will
be handled remotely, underwater and individually,
during transfer from the cask to the assembly
transfer system basket staging rack. Then they will
be handled in a dry environment during transfer
from the assembly transfer system dryer to the
disposal container.

Table 6-6. Category I Internal Event Sequences
Event
Sequence
Number

Location

Frequency
(per year)

Event Description
Spent fuel assembly drop onto another spent fuel assembly In cask

Assembly transfer system poo

0.2

1-02

Spent fuel assembly collision

Assembly transfer system pool

0.04

1-03

Assembly transfer system poo
Spent fuel assembly drop onto empty basket
Spent fuel assembly drop onto another spent fuel assembly In basket Assembly Iransfer system pool
staging rack (loweuing Into)

0.04

0.04

1-07

Assembly transfer system pool
Basket drop onto another basket In basket staging rack (lifting out)
Assembly transfer system pool
pool
storage)
Into
pool
(transfer
Basket drop onto another basket hI
Assembly transfer system pool
storage)
of
pool
out
Basket drop onto another basket In pool (transfer

1.08

Basket drop onto transfer cart or pool floor

Assembly transfer system pool

0.04

1-09

Basket drop back Into pool
Basket drop onto assembly Iransfer system cell floor
Basket drop onto another basket indryer

Assembly transfer system pool
Assembly transfer system cell

0.04

Assembly transfer system cell
Assembly transfer system cell

0.04

Assembly transfer system cell

0.2

Assembly transfer system cell

0.2

1-01

1-04
1-05
1-06

1-10
1-11
1-13

Spent fuel assembly drop onto another spent fuel assembly In dryer
Spent fuel assembly drop onto assembly transfer system cell floor

1-14

Spent fuel assembly drop onto another spent fuel assembly in

1-12

Source:

disposal container

BSC 2001f, Table 5-5.
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While underwater, spent nuclear fuel assemblies
could be dropped or impacted as a result of a
mechanical or control system failure of the wet
assembly transfer machine, or as a result of oper
ator error. These event sequences would occur in
the assembly transfer system pool area, which is a
confinement area with high-efficiency particulate
air filtration. Individual spent fuel assembly event
sequences that occur underwater are identified in
Table 5-6 by sequence numbers 1-01 through 1-04.
During transfer from the dryer to the disposal
container, individual spent fuel assemblies could
be dropped or impacted as a result of a mechanical
or control system failure of the dry assembly
transfer machine, or operator error. These event
sequences would occur in the assembly transfer
system cell, which is a confinement area with high
efficiency particulate air filtration. Individual spent
fuel assembly event sequences in the cell are iden
tified in Table 5-6 by sequence numbers 1-12,
1-13, and 1-14.
The strategy is to confine particulate releases
within the Waste Handling Building and maintain

offsite radiological doses ALARA using the high
efficiency particulate air filters in the ventilation
system.
Spent Fuel Assembly Basket Event Sequences
Spent nuclear fuel assembly baskets would first be
handled underwater, during transfer out of the
basket staging rack. From there the assembly
baskets, which would contain a maximum of four
pressurized water reactor spent nuclear fuel assem
blies or eight boiling water reactor spent nuclear
fuel assemblies, could be transferred and staged in
the pool storage area to facilitate aging and
blending or loaded directly into the incline transfer
cart. Baskets that are staged in the pool area would
have an additional step of movement from the
storage pool to the incline transfer cart. Once
loaded onto the incline transfer cart, assembly
baskets would be transported out of the pool and
into the assembly drying stations, where up to six
baskets could be loaded into each of the two
assembly dryers. The assembly transfer system
pool and cell would both be located in confinement
areas with high-efficiency particulate air filtration.

Spent nuclear fuel assembly baskets could be
dropped or impacted in the pool during lifting out
of the basket staging racks, during transport to the
pool storage area, or during transport up the
inclined transfer canal as a result of mechanical
failures, control system failures, or operator error.
Event sequences that occur underwater involving
spent nuclear fuel assembly baskets are identified
in Table 5-6 by sequence numbers 1-05 through
1-09.
The primary safety strategy is to confine radionu
clide particulate releases to the assembly transfer
system pool water by designing the pool system
consistent with ANSI/ANS-57.7-1988, American
National StandardDesign Criteriafor an Indepen
dent Spent Fuel Storage Installation (Water Pool
Type). The water treatment system will provide the
capability to filter radioactive material, purify the
water, and remove floating debris from the surfaces
of pools. Workers will be able to use vacuums to
remove particles from pool walls and floors (see
Section 2.2.4.2.9). This same system provides the
capability for cleanup of any radionuclide particu
late releases into the pool water.
In addition, spent nuclear fuel assembly baskets
can be dropped or impacted onto the floor or in one
of the assembly dryers as a result of mechanical or
control system failure of the dry assembly transfer
machine or operator error. Spent nuclear fuel
assembly basket sequences that occur in the cell
are identified in Table 5-6 by sequence numbers
1-10 and 1-11.
5.3.2.1.2

Category 2 Event Sequences
Internal

The Category 2 event sequences evaluated in the
Preliminary Preclosure Safety Assessment for
Monitored GeologicRepository Site Recommenda
tion (BSC 2001f, Section 5.3.3) would occur as a
result of drops or collisions among handling equip
ment, unsealed disposal containers, or unsealed
shipping casks. The bounding Category 2 internal
event sequences that are expected to result in radio
logical releases are identified in Table 5-7.
Spent Nuclear Fuel Assembly Basket Collision
During Transfer-A spent nuclear fuel assembly
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Table 5-7. Category 2 Internal Event Sequences
Event
Sequence

Number

Event Description

Location

2-01
2-02
2-03
2-04
2.05
2-06
2,07
2-08

Spent fuel assembly basket collision during tmansfewe
Uncontrolled descent of'Incline transfer cart
Handling equipment drop onto spent fuel assembly basket Inpoor'
Handling equpmnent drop onto spent fuel assembly basket IncellD
Unsealed dlisposal container collision
Unseated disposal container drop and slapdowri
Handling equipment drop onto unsealed disposal container
Unsealed t~ransporalaion cask drop Into cask preparation pit

Assembly transfer system pool
Assembly transfer system pool
Assembly transfer system pool
A-ssembly transfer system cell
Disposal container handling cell
Disposal container handling cell
Disposal container handling cell
Assembly transfer system cask

_______

___________________________________preparation

Frequency

(per year)

0.007
0.007
0.002
0.00007
0.002
0.008
0.001
0.009

pit

2-09
Unsealed transportation cask drop into cask unloading pool
Assembly transfer system pool
0.009
NOTES: 8Thls event encompasses two indivdual basket collision events. each with the same frequency and consequence.
bEvent bounds the consequences of handling equipment drops onto a single spent fue assembly and of a handling
equipment drop onto a spent fuel assembly basket Inthe assembly transfer system pool.
Source: BSC 2001f. Table 6-6.

basket collides with a wall or other heavy object in
the assembly transfer system pool, causing a
breach and subsequent release. This event could
occur during transfer either from the assembly
basket rack to the pool area or from the pool area to
the incline transfer cart. The pool water serves as a
barrier to particulate release, so only the radioac
tive gases are released to the Waste Handling
Building environment.

Handling Equipment Drop onto Spent Fuel
Assembly Basket in Pool-A lifting yoke (or
other heavy object) is dropped onto an uncamis
tered spent fuel assembly in the assembly transfer
system pool, causing a breach and subsequent
release. The pool water serves as a barrier to partic
ulate release, so only the radioactive gases are
released to the Waste Handling Building
environment.

The primary safety strategy is to confine particu
late releases within the assembly transfer system
pool by designing the pool system consistent with
ANSIIANS-57.7-1988.

TIhe primary safety strategy is to confine particu
late releases within the assembly transfer system
pool by designing the pool system consistent with
ANSIIANS-57.7-1988.
Handling Equipment Drop onto Spent Fuel
Assembly Basket InCell-A lifting yoke (or other
heavy object) is dropped onto an uncanistered
spent fuel assembly in the assembly transfer
system cell, causing a breach and subsequent
release.

Uncontrolled Descent of Incline Transfer
Cart-A remotely operated incline tiransfer cart
containing a spent fuel assembly basket loses
control during ascent up the incline transfer canal,
resulting in an. uncontrolled descent and impact
with the assembly transfer system pool, which
causes a breach and subsequent release. The pool
water serves as a barrier to particulate release, so
only the radioactive gases are released to the Waste
Handling Building environment.

The strategy is to confine particulate releases
within the Waste Handling Building by relying on
the high-efficiency particulate air filters in the
heating, ventilation, and air conditioning system.

The primary safety strategy is to confine particu
late releases within the assembly transfer system
pool by designing the pool system consistent with

Unsealed Disposal Container Collision-A
loaded, unsealed disposal container collides with a
wall, shield door, or other heavy object, resulting in
the release of a fraction of its radiological contents.

ANSI/ANS-57.7-1988.
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The strategy is (1) to confine particulate releases
within the Waste Handling Building and maintain
offsite radiological doses ALARA by using the
high-efficiency particulate air filters in the heating,
ventilation, and air conditioning system and (2) to
provide design features (e.g., limit switches, redun
dant controls, emergency switch) and safe load
paths that would minimize the likelihood of a colli
sion that could result in a radiological release.
Unsealed Disposal Container Drop and Slap
down-A loaded, unsealed disposal container is
dropped by the disposal container bridge crane
onto a welding or staging fixture. After dropping,
the unsealed disposal container is presumed to slap
down onto the floor and release a fraction of its
radiological contents. The drop height for this
event is the normal handling height in the disposal
container handling cell.
The strategy is (1) to confine particulate releases
within the Waste Handling Building and maintain
offsite radiological doses ALARA by using the
high-efficiency particulate air filters in the heating,
ventilation, and air conditioning system and (2) to
provide design features (e.g., limit switches for lift
height, interlocks, redundant controls, redundant
cables, physical restraints) that would minimize
unsealed disposal container drops and potential
radiological releases.
Handling Equipment Drop onto Unsealed
Disposal Container-A lifting yoke (or other
heavy object) is dropped onto a loaded, unsealed
disposal container, resulting in the release of a frac
tion of its radiological contents.
The strategy is (I) to confine particulate releases
within the Waste Handling Building and maintain
offsite radiological doses ALARA by using the
high-efficiency particulate air filters in the heating,
ventilation, and air conditioning system and (2) to
provide design features that would minimize
handling equipment drops onto spent nuclear fuel
inside a disposal container.
Unsealed Transportation Cask Drop into Cask
Preparation Pit-A transportation cask, without
impact limiters and with its lid unbolted, is
dropped from the normal lift height into the cask

preparation pit in the assembly transfer system
pool area.
The strategy is (1) to confine particulate releases
within the Waste Handling Building and maintain
offsite radiological doses ALARA by using the
high-efficiency particulate air filters in the heating,
ventilation, and air conditioning system and (2) to
provide design features that prevent or minimize
cask drops (e.g., limit switches, interlocks, redun
dant control circuitry, cable restraints) or reduce
the impact of a drop (e.g., a shock absorber at the
base of the pit).
Unsealed Transportation Cask Drop into Cask
Unloading Pool--A transportation cask, without
impact limiters and with its lid unbolted, is
dropped by the cask bridge crane into the assembly
transfer system cask unloading pool
The strategy is to confine particulate releases
within the assembly transfer system pool by
designing the pool system consistent with
ANSI/ANS-57.7-1988. In addition, particulate
mitigation in the assembly transfer system pool
area is provided by the secondary heating, ventila
tion, and air conditioning confinement ventilation
system.
5.3.2.2

Internal Event Sequence with No
Radioactive Material Release

For these event sequences, features of the design
either prevent the event sequence from occurring
or prevent a radionuclide release if the event
occurs. Design features to prevent the event
sequence can either physically prevent the event
from occurring (e.g., by eliminating, at certain
steps, the lifting of transportation casks or canis
tered waste) or reduce the event sequence
frequency below the cutoff frequency of one in one
million per year (e.g., by using redundant control
features in cranes and control systems). Design
features that prevent a release are based on the
premise that Category 1 and Category 2 event
sequences will occur and that affected structures,
systems, and components must be designed to
prevent the waste form from releasing radioactivity
during such an event sequence. Prime examples of
this include the waste package event sequences,
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possible increase in the preclosure period and
changes in the thermal operating modes on the drift
temperature and concluded rockfall is likely to
remain beyond a Category I or Category 2 event
sequence with design optimization (e.g., optimized
ground support features, waste package emplace
ment strategy). Table 5-12 of Preliminary
Preclosure Safety Assessment for Monitored
Geologic Repository Site Recommendation (BSC
200If, Section 5.4) identifies these events.

which establish design bases for the waste package
to ensure that the waste package will not breach as
a result of Category 1 or Category 2 event
sequences. Section 3.5 of this report provides
waste package event sequence analyses. Table 5-7
of Preliminary Preclosure Safety Assessment for
Monitored Geologic Repository Site Recommenda
tion (BSC 2001f, Section 5.3.4) identifies these
events.
5.3.2.3

Beyond Category 1 and Category 2
Event Sequences

Consequence Evaluations

5.3.3

Beyond Category I and Category 2 event
sequences are event sequences that have less than
I chance in 10,000 of occurring before permanent
closure. This corresponds to an annual frequency
of less than 10-6 per year, based on an assumed
preclosure lifetime of 100 years. Such event
sequences are not analyzed further. However,
structures, systems, and components reducing
event sequences below 10"6 per year are considered
in the design basis. Appendix A in Preliminary
Preclosure Safety Assessment for Monitored
Geologic Repository Site Recommendation (BSC
2001f) considers the impact of lower-temperature
operating modes on the identification of beyond
Category I and Category 2 event sequences. The
frequency of two events were found to be influ
enced by the thermal operating modes. These
events are aircraft crash into the surface facility
and rockfall onto a waste package in the subsurface
facility. Aircraft hazards are impacted by increases
in the surface facility's size, which would accom
pany an operating mode in which spent nuclear
fuel is aged before being emplaced underground.
However, Appendix A4.2 of Preliminary Preclo
sure Safety Assessment for Monitored Geologic
Repository Site Recommendation (BSC 2001*)
considered the influence of the thermal operating
modes on the surface facility size and concluded
that the aircraft hazards are likely to remain beyond
a Category .1or Category 2 event sequence. Rock
fall onto a waste package in the subsurface
becomes more likely with increases in the preclo
sure period, which would accompany an operating
mode with extended forced ventilation. However,
Appendix A4.1 of Preliminary Preclosure Safety
Assessment for Monitored Geologic Repository
Site Recommendation (BSC 2001f) considered the

5.33.1

Category 1 Event Sequence
Consequences

Design Basis Event Frequency and Dose Calcula
tion for Site Recommendation (BSC 2001u)
evaluated the consequences of Category 1 event
sequences. Offsite radiation doses for Category 1
event sequences and normal operational effluents
and emissions were based on the following (BSC
2001u, Section 6.1.1):
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"* Annual radiation doses for the sum of normal
operational effluents and emissions, includ
ing all Category I event sequences

"• Inhalation, ingestion, air immersion, and
external exposure to radioactive contamina
tion on the ground surface

"* Mitigation, by high-efficiency particulate air
filters, of particulate emissions from the
repository

"* For calculating the atmospheric releases from
repository surface facilities, the distance to
the receptor was 11 km (7 mi), the closest
distance from the potential repository surface
facilities to the potential site boundary. The
ventilation exhaust locations for the subsur
face areas of the repository are located about
3 km (2 mi) closer to the potential site bound

ary than the repository surface facilities.
Therefore, for atmospheric emissions from
the ventilation exhaust locations for the sub
surface areas of the repository, the distance to
the receptor is 8 km (5 mi) (BSC 2001u,
Section 3.3)
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* Annual average ground-level atmospheric

dispersion factors (BSC 2001tf
5.3.5.3).

Section

The bounding Category I event sequences evalu
ated for the potential repository are internal event
sequences that occur during handling of uncanis
tered commercial spent nuclear fuel assemblies or
spent nuclear fuel assembly baskets in the
assembly transfer system (Table 5-6). No releases
would occur due to external initiating events;
therefore, external events have not been included
in the dose calculations. No Category 1 event
sequences have been identified for the subsurface
facilities. All Category I event sequences would
occur in surface facility confinement areas with
high-efficiency particulate air filtration that is
functional in the event sequences. The reliability of
the heating, ventilation, and air conditioning
system, used in event trees to calculate sequence
frequencies, is based on the results of Reliability
Assessment of Waste Handling Building HYAC
System (CRWMS M&O 1999r).
The cumulative radiation doses for Category I
event sequences, including normal operational
effluents and emissions, are summarized in Table
5-8. The dose receptor is a member of the public
located at the assumed site boundary. The cumula
tive radiation dose to this hypothetical average
member of the public estimated for Category 1
event sequences was 0.06 mrem/yr total effective
Table "-8.

dose equivalent (BSC 2001f, Section 5.3.6.1). This
very low dose is attributed to several factors,
including:
1. The distance between the Waste Handling
Building and the nearest unrestricted area
of the site boundary (approximately
11 km [7 miJ)
2.

A maximum allowable radiation dose of
10 mrem/hr at a distance of 2 m (6 Rt)
from the edge of the transport vehicle

3.

Shielding of radiation source within the
Waste Handling Building

4.

Shielding surrounding the waste package
transporter.

All of the Category 1 event sequences occur either
in cells, where workers would not be present and
would be protected by shield walls, or in pool
areas, where particulate radionuclides are retained
by the pool water. In addition, the Waste Handling
Building ventilation system is designed to control
airflow, filter radionuclide particulates, and vent
filtered emissions through an elevated stack to the
external environment. Therefore, the potential radi
ation exposure for Category I event sequences for
workers is calculated at a location outside the
Waste Handling Building, at an assumed distance
of 100 m (330 ft). These workers are not neces
sarily the workers that would be involved with

Summary of Preclosure Category I Event Sequence Radiation Doses for the Public
and Workers

Case
1 event
Category
Offaite public.
sequences (including normal
operational effluents and emissions)

Workers. Category I event sequences
(Including normal operational effluents
and emissions)
WAorkers, routine occupational

Dose Type
Total effective dose equivalent

External exposure
Total effective dose equivalent
Organ or tissue plus deep dose
Skin and extremities
Lens of tOe eye
Total effective dose equivalent

exposures
NOTES:

-S
ZUU1T, Section 53.6.1-calculated Tor s= bourmary.
bBSC 2001 u, Table &

CDOE 2002. Tables 4-22,4-25,4-28, and 4-31.
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Radiation Dose
0.08 mremwyra

2 mumrnhra
0.01 remrlb

'<

0.10 rerntob
0.13 rem/yrb
0.15 rernVb
0.08 to 0.79 rem/yw
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*

sequences. Offsite radiation doses (i.e., in the
uncontrolled area) for Category 2 event sequences
were based on the following (BSC 2001u, Section
6.1.2):

waste handling operations and exposed during
routine operations; therefore, the radiation doses
for workers from Category I event sequences are
not added to the radiation doses from routine occu
pational exposures.

"* Inhalation and air immersion pathways

The radiation dose to the worker at 100 m (330 ft)
from Category I event sequences was estimated to
be 0.01 rem/yr (BSC 2001u, Table 8). The largest
radiation dose to any organ or tissue other than the
lens of the eye, plus the deep dose equivalent, was
estimated to be 0.10 rem/yr total effective dose
equivalent (BSC 2001u, Table 8). The radiation
dose to the skin and extremities was estimated to
be 0.13 rem/yr total effective dose equivalent (BSC
2001u, Table 8). The radiation dose to the lens of
the eye is estimated to be 0.15 rem/yr total effec
tive dose equivalent by summing the total effective
dose equivalent and the skin dose (BSC 2001u,
Table 8).

*

"* Release fractions that take into account the
respirable
particulates

of

radionuclide

"* Mitigation by high-efficiency particulate air
filters of particulate emissions from the
surface facilities

" For calculating the atmospheric emissions
from repository surface facilities, the dis
tance to the receptor was 11 km (7 mi), the
closest distance from the potential repository
surface facilities to the assumed site bound
ary (BSC 2001u, Section 3.3)

The radiation doses for routine occupational expo
sures for workers are estimated in Final
Environmental Impact Statement for a Geologic
Repositoryfor the Disposalof Spent Nuclear Fuel
and High-Level Radioactive Waste at Yucca Moun
tain, Nye County, Nevada (DOE 2002, Section
4.1.7) and summarized in Table 5-8. Maximum
radiation doses ranged from about 0.06 to 0.79
rem/yr total effective dose equivalent, depending

"* 99.5 percent ground-level atmospheric dis
persion factors (BSC 2001f, Section 5.3.5.3).
The radiation doses from bounding Category 2
event sequences were calculated assuming filtra
tion through a high-efficiency particulate air filter.
The bounding-consequence Category 2 event
sequence is the drop of an unsealed shipping cask.

on the area of the repository, the phase of opera
tion, and the thermal load alternative (DOE 2002,
Tables 4-22, 4-25, 4-28, and 4-31). Section 7 of
Preliminary Preclosure Safety Assessment for
MonitoredGeologicRepository Site Recommenda
tion (BSC 2001f) discusses methods that would be
used to ensure that occupational radiation doses are
ALARA. Worker safety from industrial hazards
was also discussed in FinalEnvironmentalImpact
Satement for a Geologic Repository for the
Disposal of Spent Nuclear Fuel and High-Level
Radioactive Waste at Yucca Mountain,Nye County,
Nevada (DOE 2002, Section 4).

The highest radiation dose for a member of the
public caused by the bounding-consequence Cate
gory 2 event sequence was 0.02 rem (BSC 2001f
Section 5.3.6.1). The largest radiation dose to any
organ or tissue other than the lens of the eye was
estimated to be 0.1 rem total effective dose equiva
lent (BSC 2001tf Section 5.3.6.1). The radiation
dose to the skin and the lens of the eye was esti
mated to be total effective dose equivalent of 0.04
rem and 0.06 rem, respectively (BSC 2001f,
Section 5.3.6.1).
5.4

5.3.3.2

fraction

Category 2 Event Sequence
Consequences

.PRECLOSURE SAFETY: TEST AND
EVALUATION PROGRAM

The Monitored Geologic Repository Test and Eval
uation Program will include planning, execution,
and documentation of the testing, examination,
analyses, and demonstrations necessary to verify

Design Basis Event Frequency and Dose Calcula
tion for Site Recommendation (BSC 2001u)
evaluated the consequences of Category 2 event
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safe and efficient operation of the repository. The
preclosure components of this comprehensive
program address all aspects of verification, from
the development of test requirements and accep
tance criteria to the performance, recording, and
reporting of test procedures. The following discus
sion of the test and evaluation program is based on
MonitoredGeologic Repository Test & Evaluation
Plan (CRWMS M&O 2000f). The test and evalua
tion plan will be revised at the time of preparation
of any license application for conformance of the
plan to more specific design information and any
additional performance related testing.
This test and evaluation program would include the
following activities and objectives.

" Design and component testing will ensure
that structures, systems, and components are
designed as specified and perform as
required.

"• Preoperational testing will ensure that struc
tures, systems, and components operate on an
integrated basis and will verify processes and
validate procedures for the receipt, prepara
tion, emplacement, and movement (i.e.,
recovery or retrieval) of waste.

" Operational testing will confirm exposure
times and radiation levels during repository
operations, and that operational safety has
been incorporated into structures, systems,
and components.
To achieve these objectives, the test and evaluation
program defines, plans, and implements a set of
integrated test activities focused on ensuring
preclosure safety (CRWMS M&O 2000f3, Section
2). These integrated activities are:

"* Developmeni testing
"* Prototype testing
Proof of concept testing
Mockup testing
"* Component testing
"* Construction and preoperational testing
"* Hot startup testing
and
testing
performance
"* Periodic
surveillance.

A confirmation verification tracking system would
identify the tests performed throughout the test
program. This tracking system would status the
program's performance and would be maintained
and updated as a test database that would provide a
history of structure, system, and component perfor
mance. It would be made available to support the
licensing process and the operations, maintenance,
system upgrade, and support functions.
5;4.1

Development Testing

Development testing supports design activities by
confirming design concepts, evaluating alternative
design concepts, and investigating the availability
of needed technology. For example, development
testing will help evaluate and demonstrate the suit
ability of ground support systems proposed for the
emplacement drifts. Development testing will also
help evaluate the suitability, adequacy, and avail
ability of instrumentation, monitoring, and control
technologies for use in the subsurface
environment.

The repository systems would use microprocessor
based instrumentation and control equipment,
including operator control stations, digital data
acquisition, data processing, network and commu
nications equipment, borehole instrumentation, air
sampling instruments, and infrared cameras.
Having a good understanding of the reliability of
these systems in a high-temperature and high-radi
ation repository environment is important to ensure
public and worker safety during emplacement
activities. Field testing of candidate technologies
would investigate how to minimize downtime.from
failures.
5.4.2

Prototype Testing

Prototype testing includes proof of concept testing
and mockup testing.
Proof of Concept Testing-Proof of concept
prototype testing is performed for the following
cases:
New technologies or design solutions that
have little or no history of use at existing
nuclear storage facilities or power plants
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Technologies or design solutions that have
not been subjected to a test program and are
qualified by the NRC or DOE, as applicable,
and from which accepted data were collected
or analyzed and documented in a defensible
source.

5.4.4

Construction and preoperational testing would
begin during repository construction and end
before receipt of waste. This test activity includes

the following subactivities:

This prototype testing would support the develop
ment of structures, systems, and components
during construction and preoperation (CRWMS
M&O 2000%,Appendix C).
Mockup Testing-While proof of concept testing
supports the design process, mockup testing
involves simulation or demonstration with opera
tional realism. Mockup testing follows proof of
concept testing and supports preoperational and
operational activities.
5.43

Component Testing

Component testing, if needed, would be performed
as part of the procurement process to establish
equipment qualification according to the applicable
quality level. Component testing, which includes
qualification and acceptance testing, would be used
for any unique (not off-the-shelf) equipment. Qual
ification testing verifies, on a limited sampling

"* Installation and checkout testing
"* System integration testing
"* Event sequence recovery testing
"* Cold startup testing.
5.4.5

actual repository operations. Hot startup testing
would begin after the successful completion of
construction and preoperational test activities. It
would include the following subactivities:

"• Testing and confirming exposure times and
radiation dose
"* Verifying heat removal features and cooling
systems
"• Confirming acceptable radiation exposure
levels.

respect to extreme bounds (as defined by specifica
tions). Acceptance testing, performed for key
parameters, establishes confidence that the manu
facturing process is producing the correct product.

cation and is completed before installation.
Compliance with identified safety and radiological
requirements would be assessed during component
testing to document the appropriate details for test
performance. Examples of component testing
include shock, vibration, and environmental testing
for performance of sensors and alarms that have or
support safety functions.

Hot Startup Testing

To the extent practicable, the preoperational testing
described previously would verify compliance with
repository performance requirements, including
ALARA considerations. Hot startup testing would
verify that operation and maintenance systems
work properly and confirm that exposure times and
radiation levels fall within acceptable limits during

basis, the proper operation of the component with

The component vendor, with quality assurance
oversight and concurrence, performs component
testing. This testing starts at the beginning of fabri

Construction and Preoperational
Testing

5.4.6

Periodic Performance Testing and
Surveillance

Periodic performance testing would verify system
performance and ensure continued proper func
tioning of structures, systems, and components
important to radiological safety, waste isolation,
fire protection, nonnuclear safety, and repository
operations. Periodic testing would be performed at
the Waste Handling Building and the Waste Treat
ment Building in the surface facilities and at the
emplacement drift panels in the subsurface facii
ties. This testing would also be performed after
maintenance and repair activities.

5-25

I
Yucca MountainScience and EngineeringReport
DOEIRW-0539 Rev. 1

INTENTIONALLY LEFT BLANK

5-26

Engineering Report
Yucca Mountain Science and
Yucca Mountain Science andEngineeringReport

DOE/RW-0539 Rev. 1
6. REFERENCES
6.1

DOCUMENTS CITED

Abdel-Salam, A. and Cbiysikopoulos, C.V. 1996. "Unsaturated Flow in a Quasi-Three-Dimensional
Fractured Medium with Spatially Variable Aperture." Water Resources Research, 32 (6), 1531-1540.
Washington, D.C.: American Geophysical Union. TIC: 239861.
Ahlers, C.F.; Finsterle, S.; and Bodvarsson, QS. 1999. "Characterization and Prediction of Subsurface
Pneumatic Response at Yucca Mountain, Nevada." Journalof ContaminantHydrology,38, (1-3), 47-68.
New York, New York: Elsevier Science. TIC: 244160.
Albin, A.L.; Singleton, W.L.; Moyer, T.C.; Lee, A.C.; Lung, R.C.; Eatman, GL.W.; and Barr, D.L. 1997.
Geology of the Main Drift--Sation28+00to 55+00,Exploratory Studies Facility,Yucca Mountain
Project, Yucca Mountain, Nevada Milestone SPG42AM3. Denver, Colorado: Bureau of Reclamation and
U.S. Geological Survey. ACC: MOL.19970625.0096.
American Institute of Chemical Engineers 1992. Guidelinesfor HazardEvaluation Procedures.
2 2d Edition with Worked Examples. New York, New York: American Institute of Chemical Engineers.
TIC: 239050.
Anderson, R.E.; Hanks, T.C.; Reilly, T.E.; Weeks, E.P.; and Winograd, IJ. 1998. riabilityAssessment of a
Repository at Yucca Mountain A Reportto the Director,U.S. GeologicalSurvey. Reston, Virginia: U.S.
Geological Survey. ACC: HQO.19990205.0013.
Archambeau, C.B. and Price, NJ. 1991. An Assessment ofJ.S. Szymanski k ConceptualHydro-Tectonic
Model and Its Relevance to Hydrologicand Geologic Processesat the ProposedYucca MountainNuclear
Waste Repository,Minority Reportof the Special DOEReview Panel.Washington, D.C.: U.S. Department
of Energy. ACC: NNA.19911210.0057.
ASME (American Society of Mechanical Engineers) 1995. 1995 ASME Boilerand Pressure Vessel Code.
New York, New York: American Society of Mechanical Engineers. TIC: 245287.
Aydan, 0.; Ulusay, R.; Yuzer, E.; and Erdogan, M. 1999. "Man-Made Rock Structures in Cappadocia,
Turkey and Their Implications in Rock Mechanics and Rock Engineering." InternationalSocietyfor Rock
MechanicsNews Journal,6, (1), 63-73. Orebro, Sweden: International Society for Rock Mechanics.
TIC: 247253.
Barker, P.; Ellis, C.; and Damadio, S. 2000. "Determination of Cultural Affiliation of Ancient Human
Remains from Spirit Cave, Nevada." Reno, Nevada: Bureau of Land Management, Nevada State Office.
Accessed October 30, 2000. TIC: 249042.
http://www.nv.bim.gov/culturalspirit_cave_man/SC_final_July26.pdf
Barnard, R.W.; Wilson, M.L.; Dockery, H.A.; Gauthier, J.H.; Kaplan, P.Q; Eaton, R.R.; Bingham, F.W.;
and Robey, T.H. 1992. TSPA 1991: An Initial Total-System PerformanceAssessment for Yucca Mountain.
SAND91-2795. Albuquerque, New Mexico: Sandia National Laboratories. ACC: NNA.19920630.0033.

6-1

Yucca MountainScience and EngineeringReport
DOEIRW-0539 Rev. I
Barr, D.L.; Moyer, T.C.; Singleton, W.L.; Albin, A.L.; Lung, R.C.; Lee, A.C.; Beason, S.C.; and Eatman,
GL.W. 1996. Geology ofthe North Ramp-Stations 4+00 to 28+00,ExploratoryStudies Facility,Yucca
Mountain Project,Yucca Mountain,Nevada. Denver, Colorado: U.S. Geological Survey.
ACC: MOL.19970106.0496.
Barton, C.C.; Larsen, E.; and Baechle, P.E. 1985. "Fractal Geometry of Two-Dimensional Planar Sections
through Fracture Networks at Yucca Mountain, Southwestern Nevada." Eas, 66, (46), 1089. Washington,
D.C.: American Geophysical Union. TIC: 223635.
Bassett, R.L.; Neuman, S.P.; Wierenga, PJ.; Chen, G; Davidson, GR.; Hardin, E.L.; Iliman, WA.;
MurreUl, M.T.; Stephens, D.M.; Thomasson, M.J.; Thompson, D.L.; and Woodhouse, E.Q 1997. Data
Collectionand FieldExperiments at the Apache Leap Research Site, May 1995-1996.Woodhouse, E.G,
ed. NUREG/CR-6497. Washington, D.C.: U.S. Nuclear Regulatory Commission. TIC: 248788.
Bates, J.K.; Bradley, J.P.; Teetsov, A.; Bradley, C.R.; and Buchholtz ten Brink, M. 1992. "Colloid
Formation During Waste Form Reaction: Implications for Nuclear Waste Disposal." Science, 256,
649-651. Washington, D.C.: American Association for the Advancement of Science. TIC: 239138.
Bear, J. 1988. Dynamics of Fluids in PorousMedia. New York, New York: Dover Publications.
TIC: 217568.
Benson, L.V. and McKinley, P.W. 1985. ChemicalCompositionof Ground Water in the Yucca Mountain
Areg Nevada, 1971-84. Open-File Report 85-484. Denver, Colorado: U.S. Geological Survey. ACC:
NNA.19900207.0281.
Bidaux, P. and Tsang, C-F. 1991. "Fluid Flow Patterns Around a Well Bore or an Underground Drift with
Complex Skin Effects." Water Resources Research, 27, (11), 2993-3008. Washington, D.C.: American
Geophysical Union. TIC: 247407.
BIOMOVS 11 (Biospheric Model Validation Study, Phase II) Steering Committee 1994. An Interim Report
on Reference Biospheresfor Radioactive Waste Disposal.Technical Report No. 2. Stockholm, Sweden:
Swedish Radiation Protection Institute. TIC: 238733.
BIOMOVS 111996. Development ofa Reference BiospheresMethodologyfor Radioactive Waste Disposal,
FinalReport of the Reference Biospheres Working Group of the BIOMOVS I1 Study. Technical Report
No. 6. Stockholm, Sweden: Swedish Radiation Protection Institute. TIC: 238329.
Bish, DL. 1995. "Thermal Behavior of Natural Zeolites." NaturalZeolites "93. Occurrence,Properties,
Use, Proceedingsof the 4th InternationalConference on the Occurrence,Properties,and Utilizationof
NaturalZeolites, June 20-28, 1993, Boise, Idaho. Ming, D.W. and Mumpton, FA., eds. Pages 259-269.
Brockport, New York: International Committee on Natural Zeolites. TIC: 243086.
Bish, D.L. and Aronson, J.L. 1993. "Paleogeothermal and Paleohydrologic Conditions in Silicic Tuff from
Yucca Mountain, Nevada." Clays and Clay Minerals, 41, (2), 148-161. Long Island City, New York:
Pergamon Press. TIC: 224613.
Bish, D.L. and Chipera, S.J. 1986. Mineralogy of DrillHoles J-13, UE-25A#1, and USW G-1 at Yucca
Mountain, Nevadat LA-10764-MS. Los Alamos, New Mexico: Los Alamos National Laboratory.
ACC: MOL.19950412.0044.

6-2

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1
Bish, D.L. and Vaniman, D.T. 1985. MineralogicSwnmary of Yucca Mountain, Nevada. LA-1 0543-MS.
Los Alamos, New Mexico: Los Alamos National Laboratory. ACC: MOL. 19950412.0041.
Bodvarsson, GS.; Benson, S.M.; Sigurdsson, 0.; Stefansson, V.; and Eliasson, E.T. 1984. "The Krafla
Geothermal Field, Iceland, 1. Analysis of Well Test Data." Water Resources Research,20, (11),
1515-1530. Washington, D.C.: American Geophysical Union. TIC: 247406.
Bodvarsson, (IS.; Pruess, K.; Stefansson, V.; Bjornsson, S.; and Ojiambo, S.B. 1987. "East Olkaria
Geothermal Field, Kenya, 1. History Match with Production and Pressure Decline Data." Journal of
GeophysicalResearch, 92, (B 1), 521-539. Washington, D.C.: American Geophysical Union. TIC: 236629.
Bowman, C.D. and Venneri, F. 1996. "Underground Supercriticality from Plutonium and Other Fissile
Material." Science & GlobalSecurity, 5, 279-302. New York, New York: Gordon and Breach Science
Publishers. TIC: 238269.
Boyd, PJ.; Martin, R.J., Ill; and Price, R.H. 1994. An ExperimentalComparisonof LaboratoryTechniques
in DeterminingBulk Propertiesof Tuffaceous Rocks. SAND92-0 19. Albuquerque, New Mexico: Sandia
National Laboratories. ACC: NNA.19940315.0003.
Brocoum, S.J. 1997. "Evaluation of Data Provided at U.S. Department of Energy (DOE) and U.S. Nuclear
Regulatory Commission (NRC) Igneous Activity Technical Exchange, February 25-26, 1997." Letter from
S.J. Brocoum (DOE/YMSCO) to J.T. Greeves (NRC), June 4, 1997, with enclosure.
ACC: MOL.19970722.0276; MOL.19970722.0277.
Brodsky, N.S.: Riggins, M., Connolly, L.; and Ricci, P. 1997. Thermal Expansion, Thermal Conductivity
and HeatCapacityMeasurementsfor Boreholes UE25 NRG-4, UE25 NRG-5, USW NRG-6, and USW
NRG-7/7A. SAND95-1955. Albuquerque, New Mexico: Sandia National Laboratories.
ACC: MOL.19980311.0316....

Brookins, D.G 1986. "Natural Analogues for Radwaste Disposal: Elemental Migration in Igneous Contact
Zones." Chemical Geology, 55, 337-344. Amsterdam, The Netherlands: Elsevier Science. TIC: 246170.
Brown, S.R. 1987. "Fluid Flow Through Rock Joints: The Effect of Surface Roughness." Journalof
Geophysical Research, 92, (B2), 1337-1347. Washington, D.C.: American Geophysical Union.
TIC: 222225.
Broxton, D.E.; Chipera, S.J.; Byers, F.M., Jr.; and Rautman, C.A. 1993. Geologic Evaluationof Six
Nonwelded Tuff Sites in the Vicindty of Yucca Mountain, Nevadafor a Surface-Based Test Facilityfor the
Yucca Mountain Project.LA-12542-MS. Los Alamos, New Mexico: Los Alamos National Laboratory.
ACC: NNA. 19940224.0128.
Bruton, C.J.; Glassley, WE.; and Bourcier, W.L. 1993. "Testing Geochemical Modeling Codes Using New
Zealand Hydrothermal Systems." Proceedingsof the TopicalMeeting on Site CharacterizationandModel
Validation, FOCUS '93, September 26-29, 1993, Las Vegas, Nevada. Pages 240-245. La Grange Park,
Illinois: American Nuclear Society. TIC: 102245.
Bruton, C.J.; Glassley, WE.; and Bourcier, W.L. 1994. Field-BasedTests of GeochemicalModeling Codes
Using New ZealandHydrothermalSystems. UCRL-ID- I 18009. Livermore, California: Lawrence
Livermore National Laboratory. TIC: 213717.

6-3

Yucca MountainScience and EngineeringReport
DOE/RW-0539 Rev. I
BSC (Bechtel SAIC Company) 2001 a. FY01 Supplemental Science and PerformanceAnalyses, Volume 1:
Scientific Bases andAnalyses. TDR-MGR-MD-000007 REV 00 ICN 01. Las Vegas, Nevada: Bechtel
SAIC Company. ACC: MOL.20010801.0404; MOL.20010712.0062; MOL.20010815.0001.
BSC 2001b. FY01 Supplemental Science and PerformanceAnalyses, Volume 2: PerformanceAnalyses.
TDR-MGR-PA-000001 REV 00. Las Vegas, Nevada: Bechtel SAIC Company. ACC:
MOL.20010724.0110.
BSC 2001 c. Technical UpdateImpact Letter Report. MIS-MGR-RL-000001 REV 00 ICN 02. Las Vegas,
Nevada: Bechtel SAIC Company. ACC: MOL.20011211.0311.
BSC 2001d. Site Recommendation Subsurface Layout. ANL-SFS-MG-000001 REV 00 ICN 02.
Las Vegas, Nevada: Bechtel SAIC Company. ACC: MOL.20010411.0131.
BSC 2001 e. Yucca Mountain GroundwaterContourMap. Input Transmittal 00447.T. Las Vegas, Nevada:
Bechtel SAIC Company. ACC: MOL.20010409.0187.
BSC 2001f. PreliminaryPreclosureSafety Assessment for MonitoredGeologic RepositorySite
Recommendation. TDR-MGR-SE-000009 REV 00 ICN 03. Las Vegas, Nevada: Bechtel SAIC Company.
ACC: MOL.20010705.0172.
BSC 2001g. Lower-TemperatureSubsurface Layout and Ventilation Concepts. ANL-WER-MD-000002
REV 00. Las Vegas, Nevada: Bechtel SAIC Company. ACC: MOL.20010718.0225.
BSC 2001h. ANSYS Calculationsin Supportof Natural Ventilation ParametricStudyfor Sit
CAL-SVS-HV-000003 REV 00 ICN 01. Las Vegas, Nevada: Bechtel SAIC Company.
ACC: MOL.20010613.0250.
BSC 2001i. ThermalManagement Analysisfor Lower-TemperatureDesigns. ANL-SFS-MG-000005 REV
00. Las Vegas, Nevada: Bechtel SAIC Company. ACC: M0L120010814.0329.
BSC 2001j. Thermal Hydrology EBS Design SensitivityAnalysis. CAL-EBS-HS-000003 REV 00 ICN 01.
Las Vegas, Nevada: Bechtel SAIC Company. ACC: MOL.20010525.0080.
BSC 2001k. Temperature-RelativeHumidity,Thme Plotfor OperatingMode 50-yrs ForcedVentilation and
Indefinite Natural Ventilation Input Transmittal 00439.T. Las Vegas, Nevada: Bechtel SAIC Company.
ACC: MOL20010409.0185.
BSC 2001L Rock Fallon DripShield CAL-EDS-ME-000001 REV 01. Las Vegas, Nevada: Bechtel SAIC
Company. ACC: MOL.20010713.0043.
BSC 2001m. UncanisteredSpent Nuclear Fuel DisposalContainerSystem DescriptionDocument.
SDD-UDC-SE-000001 REV 01 ICN 01. Las Vegas, Nevada: Bechtel SAIC Company.
ACC: MOL.20010927.0070.
BSC 2001 n. 17p-Over of 12-PWR and24-BWR Waste Packages.CAL-UDC-MFA000016 REV 00. Las
Vegas, Nevada: Bechtel SAIC Company. ACC: MOL.20010425.0023.
BSC 2001o. Drift-Scale CoupledProcesses (DST and THC Seepage) Models. MDL-NBS-HS-000001
REV 01 ICN 01. Las Vegas, Nevada: Bechtel SAIC Company. ACC: MOL.20010418.0010.
6-4

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1
BSC 2001p. In-Package Chemisotyfor Waste Forms. ANL-EBS-MD-000056 REV 00. Las Vegas,
Nevada: Bechtel SAIC Company. ACC: MOL.20010322.0490.
BSC 2001q. PerformanceAssessment of U.S. Departmentof Energy Spent Fuels in Support ofSite
Recommendation. CAL-WIS-PA-000002 REV 00. Las Vegas, Nevada: Bechtel SAIC Company.
ACC: MOL.20010627.0026.
BSC 2001r. Analysis ofGeochemical Datafor the UnsaturatedZone. ANL-NBS-HS-00001 7 REV 00 ICN
01. Las Vegas, Nevada: Bechtel SAIC Company. ACC: MOL20010405.0013.

BSC 2001s. UnsaturatedZone F7ov PatternsandAnalysis. MDL-NBS-HS-000012 REV 00. Las Vega.s,
Nevada: Bechtel SAIC Company. ACC: MOL.20011029.0315.
BSC 2001t. Evaluationof the Applicability of Biosphere-RelatedFeatures,Events, and Processes (FEP).
ANL-MGR-MD-00001 1 REV 01. Las Vegas, Nevada: Bechtel SAIC Company.
ACC: MOL.20010226.0003.
BSC 2001u. Design BasisEvent Frequencyand Dose Calculationfor Site Recommendation.
CAL-WHS-SE-000001 REV 01 ICN 02. Las Vegas, Nevada: Bechtel SAIC Company.
ACC: MOL.20011211.0094.
Buddemeier, R.W. and Hunt, i.R. 1988. "Transport of Colloidal Contaminants in Groundwater.
Radionuclide Migration at the Nevada Test Site." Applied Geochemistry,3, 535-548. Oxford, England:
Pergamon Press. TIC: 224116.
Budnitz, B.; Ewing, R.C.; Moeller, D.W.; Payer, J.; Whipple, C.; and Witherspoon, P.A. 1999. PeerReview
ofthe Tolal System PerformanceAssessment-FrabilityAssessment FinalReport. Las Vegas, Nevada:
Total System Performance Assessment Peer Review Panel. ACC: MOL.19990317.0328.
Buesch, D.C. and Spengler, RLW. 1998. "Character of the Middle Nonlithophysal Zone of the Topopah
Spring Tuff at Yucca Mountain." High-Level Radioactive Waste Management, Proceedingsof the Eighth
InternationalConference, Las Vegas, Nevada, May 11-14, 1998. Pages 16-23. La Grange Park, Illinois:
American Nuclear Society. TIC: 237082.
Buesch, D.C.; Spengler, R.W.; Moyer, T.C.; and Geslin, J.K. 1996. ProposedStratigraphicNomenclature
and MacroscopicIdentificationof LithostratigraphicUnits ofthe PaintbrushGroupExposed at Yucca
Mountain, Nevadac Open-File Report 94-469. Denver, Colorado: U.S. Geological Survey.
ACC: MOL.19970205.0061.
Bureau of the Census 1999. "1990 US Census Data, Database: C90STF3A, Summary Level:
State-County-County Subdivision, Amargosa Valley Division: FIPS.STATE=32,
FIPS.COUNTY90=023, FIPS.COUSUB--94028." Washington, D.C.: Bureau of the Census. Accessed
November 12, 1999. TIC: 245829.
http://venus.census.gov/cdrom/lookup
Buscheck, T.A. and Nitao, J.J. 1992. "The Impact of Thermal Loading on Repository Performance at
Yucca Mountain." High Level Radioactive Waste Management,Proceedingsof the Third International
Conference, Las Vegas, Nevada,April 12-16, 1992. 1, 1003-1017. La Grange Park, Illinois: American.
Nuclear Society. TIC: 204231.

6-5

I

Yucca MountainScience andEngineeringReport
DOE/RW-0539 Rev. I
Buscheck, TA. and Nitao, JJ. 1993. "Repository-Heat-Driven Hydrothermal Flow at Yucca Mountain,
Part I: Modeling and Analysis." NuclearTechnology, 104, (3), 418-448. La Grange Park, Illinois:
American Nuclear Society. TIC: 224039.
Buscheck, TA.; Nitao, JJ.; and Chesnut, DA. 1992. "The Impact of Episodic Nonequilibrium
Fracture-Matrix Flow on Geological Repository Performance." Proceedingsof the TopicalMeeting on
Nuclear Waste Packaging,FOCUS '91, September 29-October2, 1991, Las Vegas, Nevada. Pages
312-323. La Grange Park, Illinois: American Nuclear Society. TIC: 231173.
Canavan, (H.; Colgate, S.A.; Judd, O.P.; Petschek, A.G; and Stratton, T.F. 1995. Comments on "Nuclear
Excursions" and "CriticalityIssues. " LA-UR: 95 0851. Los Alamos, New Mexico: Los Alamos National
Laboratory. ACC: HQO.19950314.002&
Carey, J.W.; Chipera, SJ.; Vaniman, D.T.; and Bish, D.L. 1997. Three-DimensionalMineralogicModel of
Yucca Mountain, Nevada, Rev 1.!. Deliverable SP32B5M4. Draft RO. Los Alamos, New Mexico: Los
Alamos National Laboratory. ACC: MOL. 19980520.0170.
Carrigan, C.R.; King, GC.P.; and Barr, GE. 1990. A Scoping Study of Water Table ExcursionsInduced by
Seismic Events. UCRL-ID-105340. Livermore, California: Lawrence Livermore Natiorial Laboratory.
ACC: NNA.19920504.0125.
Carrigan, C.R.; King, GC.P.; Barr, GE.; and Bixier, N.E. 1991. "Potential for Water-Table Excursions
Induced by Seismic Events at Yucca Mountain, Nevada." Geology, 19, (12), 1157-1160. Boulder,
Colorado: Geological Society of America. TIC: 242407.
0
Carroll, SA.; Alai, M.; and Copenhaver, S. 1995. Amorphous Silica PrecipitationKinetics at 100 C and
pH 3, 5, & 6. Letter Report MOL123 OL3ALIW. Livermore, California: Lawrence Livermore National
Laboratory. ACC: MOL.19960328.0177.

Castor, S.B.; Garside, LJ.; Tingley, J.V.; La Pointe, D.D.; Desilets, M.O.; Hsu, L-C.; Goldstrand, P.M.;
Lugaski, T.P.; and Ross, H.P. 1999. Assessment of Metallic andMined Energy Resources in the Yucca
Mountain Conceptual ControlledArea, Nye County, Nevada. Open-File Report 99-13. Reno, Nevada:
Nevada Bureau of Mines and Geology. TIC: 245099.
Castor, S.B. and Lock, D.E. 1995. Assessment of IndustrialMineralsand Rocks in the ControlledArea,
Reno, Nevada: Nevada Bureau of Mines and Geology. ACC: MOL.19980717.0139.
Chapman, NA. and Smellie, JA.T. 1986. "Introduction and Summary of the Workshop." Chemical
Geology, 55, 167-173. Amsterdam, The Netherlands: Elsevier Science. TIC: 246750.
Claassen, H.C. 1985. Sources and Mechanisms of Rechargefor GroundWater in the West-Central
Amaigosa Desert, Nevada--A GeochemicalInterpretation.U.S. Geological Survey Professional
Paper 712-F. Washington, D.C.: U.S. Government Printing Office. TIC: 204574.
CodelU, IL; Eisenberg, N.; Fehringer, D.; Ford, W.; Margulies, T.; McCartin, T.; Park, J.; and Randall, J.
1992. InitialDemonstrationof the NRC ý Capabilityto Conduct a PerformanceAssessmentfor a
High-Level Waste Repository.NUREG-1 327. Washington, D.C.: U.S. Nuclear Regulatory Commission.
TIC: 204809.
6-6

Yucca MountainScience andEngineeringReport
DOE/RW-0539 Rev. 1
Cohon, J.L. 1998. Nuclear Waste Technical Review Board Review of Reports by Jerry Syzmanski and
Harry Swainston. Letter from J.L. Cohon (NWTRB) to L.H. Barrett (DOE/OCRWM), July 24,1998, with
attachment. ACC: MOL.19980814.0396.
Cohon, Ji.. 1999. Comments on the Process for Selecting the Repository Design. Letter from J.L. Cohon
(U.S. Nuclear Waste Technical Review Board) to L.H. Barrett (DOE/OCRWM), July 9,1999.
ACC: MOL.20000412.0786.
Conca, JL. and Wright, J. 1992. "Diffusion and Flow in Gravel, Soil, and Whole Rock." Applied
Hydrogeology,1, 5-24. Hanover, Germany: Verlag Heinz Heise GmbH. TIC: 224081.
Connor, C.B.; Lane-Magsino, S.; Stamatakos, JA.; Martin, R.H.; LaFemina, P.C.; Hill, BE.; and
Lieber, S. 1997. "Magnetic Surveys Help Reassess Volcanic Hazards at Yucca Mountain, Nevada." Eos,
78, (7), 73, 77 and 78. Washington, D.C.: American Geophysical Union. TIC: 234580.
Costantino, M.S.; Carlson, S.R.; and Blair, S.C. 1998. Results of a Coupled Fracture-FlowTest at the
0.5-rn Scale. UCRL-ID-131493. Livermore, California: Lawrence Livermore National Laboratory.
ACC: MOL.20001002.0156.
Cranwell, R.M.; Guzowski, R.V.; Campbell, J.E.; and Ortiz, N.R. 1990. Risk Methodologyfor Geologic
Disposalof Radioactive Waste, ScenarioSelection Procedure.NUREG/CR-1667. Washington, D.C.:
U.S. Nuclear Regulatory Commission. ACC: NNA.19900611.0073.
Crowe, B.; Perry, F.; Geissman, J.; McFadden, L.; Wells, S.; Murrell, M.; Poths, J.; Valentine, GA.;
Bowker, L.; and Finnegan, K. 1995. Status of Volcanism Studies for the Yucca MountainSite
CharacterizationProject.LA-12908-MS. Los Alamos, New Mexico: Los Alamos National Laboratory.
ACC: HQO.19951115.0017.
Crowe, B.; Self, S.; Vaniman, D.; Amos, R.; and Perry, F. 1983. "Aspects of Potential Magmatic
Disruption of a High-Level Radioactive Waste Repository in Southern Nevada." Journal of Geology, 91,
(3), 259-276. Chicago, Illinois: University of Chicago Press. TIC: 216959.
CRWMS M&O (Civilian Radioactive Waste Management System Management and Operating Contractor)
1994. Total System PerformanceAssessment-) 993: An Evaluation of the PotentialYucca Mountain
Repository. BOOOOOOOO-01717-2200-00099 REV 01. Las Vegas, Nevada: CRWMS M&O.
ACC: NNA.19940406.0158.
CRWMS M&O 1995. Total System PerformanceAssessment-)1995: An Evaluationof the PotentialYucca
Mountain Repository.BOOOOOOOO-01 717-2200-00136 REV 01. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19960724.0188.
CRWMS M&O 1996a. PreliminaryMGDS HazardsAnalysis. BOOOOOOOO-01717-0200-00130 REV 00.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19961230.001 1.
CRWMS M&O 1996b. ProbabilisticVolcanic Ha:ardAnalysisfor Yucca Mountain,Nevada.
BAOOOOOOO-01717-2200-00082 REV 0. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19971201.0221.
6-7

Yucca Mountain Science and EngineeringReport
DOE/RW-0539 Rev. I
CRWMS M&O 1996c. DHLW Glass Waste Package CriticalityAnalysis.
BBACOOOOO-01717-0200-00001 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19960919.0237.
CRWMS M&O 1996d. Mined Geologic DisposalSystem Advanced ConceptualDesign Report.
BOOOOOOO-01717-5705-00027 REV 00. Four volumes. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19960826.0094; MOL.19960826.0095; MOL.19960826.0096; MOL.19960826.0097.
CRWMS M&O 1996e. ProbabilisticExternalCriticalityEvaluation. BBOOOOOOO-01717-2200-00037
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19961029.0024.
CRWMS M&O 1996f. Total System PerformanceAssessment of a Geologic Repository Containing
Plutonium Waste Forms.AOOOOOOOO-01717-5705-00011 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19970109.0229.
CRWMS M&O 1997a. ISM2.0: A 3D Geologic Frameworkand IntegratedSite Model of Yucca Mountain.
BOOOOOOO-01717-5700-00004 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19970625.0119.
CRWMS M&O 1997b. Determinationof Waste PackageDesign Configurations.
BBAAOOOOO-01717-0200-00017 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19970805.0310.
CRWMS M&O 1997c. Waste PackageMaterialsSelectionAnalysis. BBAOOOOOO-01 717-0200-00020
REV 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19980324.0242.
CRWMS M&O 1997d. CriticalityEvaluationof DegradedInternalConfigurationsfor the PWR A UCF
WP Designs. BBAOOOOOO-01717-0200-00056 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19971231.0251.
CRWMS M&O 1998a. ParametricContingency Study ofProgramImplementationScenariosfor
ConstrainedFunding.AOOOOOOOO-01 717-5700-00022 REV 01. Vienna, Virginia: CRWMS M&O. ACC:
MOL.19981124.0297.
CRWMS M&O 1998b. ECRB Cross Drift Stability Analysis. BABEEOOO0-01 717-0200-00017 REV 01.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19980428.0010.
CRWMS M&O 1998c. Drift Scale Test As-Built Report. BABO0000-01717-5700-00003 REV 01. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.9990107.0223.
CRWMS M&O 1998d. Drift GroundSupportDesign Guide. BCAAOOO00-01 717-2500-00001 REV 01.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL. 19990326.0104.
CRWMS M&O 1998e. Mobile Waste HandlingSupportEquipment. BCAFO0000-01 717-0200-00006
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19980819.0397.
CRWMS M&O 1998f. Retrievability Strategy Report. B00000000-01 717-5705-00061 REV 01. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL. 19980723.0039.
6-8

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1
CRWMS M&O 1998g. Total System PerformanceAssessment-Viability Assessment (TSPA-VA) Analyses
TechnicalBasisDocument. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19981008.0001;
MOL.19981008.0002; MOL.19981008.0003; MOL.19981008.0004; MOL.19981008.0005;
MOL.19981008.0006; MOL. 19981008.0007; MOL.19981008.0008; MOL. 19981008.0009;
MOL.19981008.0010; MOL.19981008.0011.
CRWMS M&O 1998h. Software QualificationReport (SQR) Addendum to Existing LLNL Document
UCRL-MA-110662 PTIV. Implementationof a Solid-CenteredFlow-Through Modefor EQ6 Version 7.2B.
CSCI: UCRL-MA-110662 V 7.2b. SCR: LSCR198. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19990920.0169.
CRWMS M&O 1998i. Model Predictionof Local Plume Migrationfrom the CrossDrift. Milestone
SP33S3M4, Rev. 1. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19980702.0075.
CRWMS M&O 1998j. SaturatedZone Flow and TransportExpert ElicitationProject.Deliverable
SL5X4AM3. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19980825.0008.
CRWMS M&O 1998k. Software QualificationReport (SQR) GENII-S 1.485 EnvironmentalRadiation

Dosimetry Software System Version 1.485. CSCI: 30034 V1.4.8.5. DI: 30034-2003, Rev. 0. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.19980715.0029.

CRWMS M&O 19981. Seismic Design BasisInputsfor a High-Level Waste Repository at Yucca Mountain,
Nevada, B00000000-01727-5700-00018 REV 0. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19980806.071 1.
CRWMS M&O 1998m. Report on ExternalCriticalityof Plutonium Waste Forms in a Geologic
Repository.BBA000000-01717-5705-00018 REV 01. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19980318.0412.
CRWMS M&O 1999a. 1999 Design Basis Waste Input Reportfor CommercialSpent Nuclear Fuel.
BOOOOOOOO-01717-5700-00041 REV 01. Washington, D.C.: CRWMS M&O. ACC: MOV.19991217.0001.
CRWMS M&O 1999b. Documentationof ProgramChange.BOOOOOOOO-01 717-5700-00021 REV 01. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.19990712.0161.
CRWMS M&O 1999c. License ApplicationDesign Selection Report.BOOOOOOO-01717-4600-00123
REV 01 ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19990908.0319.
CRWMS M&O 1999d. EnhancedDesignAlternative I1 Report. BOOOOOOOO-01717-5705-00131 REV 00.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19990712.0194.
CRWMS M&O 1999e. MGR Design Basis Extreme Wind/Tornado Analysis. ANL-MGR-SE-000001

REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19991215.0461.
CRWMS M&O 1999f. Enhanced Characterixationof the Repository Block (ECRB) Cross-Drift
ExcavationReport. BCAOOOOOO-01717-5700-00001 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19990408.0132.

6-9

Yucca Mountain Science and EngineeringReport
DOE/RW-0539 Rev. I
CRWMS M&O 1999g. Monitored GeologicRepository Concept of Operations.
B00000000-01717-4200-00004 REV 03. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19990916.0104.
CRWMS M&O 1999h. TBV-245 Resolution Analysis: Design Basis Block Size Assessment.
B00000000-01717-5705-00133 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19991022.0192.
CRWMS M&O 1999i. PreclosureCriticalityAnalysis ProcessReport. BOOOOOOOO-01717-5705-00132
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19990930.0102.
CRWMS M&O 1999j. Evaluationof Codisposal flabilityfor MOX (FFTF)DOE-Owned Fuel.
BBAOOOOOO-01717-5705-00023 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19991014.0235.
CRWMS M&O 1999k. PWR Source Term GenerationandEvaluation. BBACOOOOO-01717-0210-00010
REV 01. Las Vegas, Nevada. CRWMS M&O. ACC: MOL.20000113.0333.
CRWMS M&O 19991. BWR Source Term GenerationandEvaluation.BBACOOOOO-01 717-0210-00006
REV 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000113.0334.
CRWMS M&O 1999m. Single HeaterTest FinalReport. BABOOOOOO-01 717-5700-00005 REV 00 ICN 1.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000103.0634.
CRWMS M&O 1999n. Addendum to: EQ6 ComputerProgramfor TheoreticalManual, Users Guide, &
RelatedDocumentation. Software Change Request LSCR198. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19990305.0112.
CRWMS M&O 1999o. Source Termsfor HLW Glass Canisters.CAL-MGR-NU-000002 REV 00. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20000124.0244.
CRWMS M&O 19 99p. Waste PackageBehavior in Magma. CAL-EBS-ME-000002 REV 00. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.19991022.0201.
CRWMS M&O 1999q. Sensitivity Study of Reactivity Consequences to Waste Package Egress Area.
CAL-EBS-NU-000001 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19990928.0239.
CRWMS M&O 1999r. ReliabilityAssessment of Waste HandlingBuilding HVAC System.
BCBDOOOOO-01717-0210-00008 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19990621.0155.
CRWMS M&O 2000a. Total System PerformanceAssessmentfor the Site Recommendation.
TDR-WIS-PA-000001 REV 00 ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001220.0045.
CRWMS M&O 2000b. Yucca MountainSite Description.TDR-CRW-GS-000001 REV 01 ICN 01. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20001003.0111.
CRWMS M&O 2000c. UnsaturatedZone Flow and TransportModel ProcessModel Report.
TDR-NqBS-HS-000002 REV 00 ICN 02. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000831.0280.
6-10

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1
CRWMS M&O 2000d. DeterminationofAvailable Repository Siting Volume for the Site Recommendation.
TDR-NBS-GS-000003 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000705.0054.
CRWMS M&O 2000e. Drift DegradationAnalysis. ANL-EBS-MD-000027 REV 01. Las Vegas, Nevada:
CRWMS M&O. ACC: MOL.20001206.0006.
CRWMS M&O 2000f. DisruptiveEvents ProcessModel Report. TDR-NBS-MD-000002 REV 00 ICN 02.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001220.0047.
CRWMS M&O 2000g. DataQualificationReport: Water Level Altitude Datafor Use on the Yucca
Mountain Project.TDR-NBS-HS-000004 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000912.0206.
CRWMS M&O 2000h. SubsurfaceFacilitySystem DescriptionDocument. SDD-SFS-'SE-000001 REV 01.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000807.0078.
CRWMS M&O 2000i. IntegratedSite Model ProcessModel Report. TDR-NBS-GS-000002 REV 00 ICN
01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000121.0116.
CRWMS M&O 2000j. FEIS Update to EngineeringFile-SubsurfaceRepository.TDR-EBS-MD-000007
REV 00 ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000612.0058.
CRWMS M&O 2000k. Operatinga Below-Boiling Repository: Demonstrationof Concept.
TDR-WIS-SE-000001 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001005.0010.
CRWMS M&O 20001. Calculationof PotentialNatural VentilationAirfiows and PressureDifferential.
CAL-SVS-MG-000001 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001214.0008.
CRWMS M&O 2000m. Natural VentilationStudy: Demonstrationof Concept. TDR-SVS-SE-000001
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001201.0103.
CRWMS M&O 2000n. Waste PackageDegradationProcessModel Report. TDR-WIS-MD-000002
REV 00 ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000717.0005.
CRWMS M&O 2000o. Three Lower Temperature OperatingMode Scenarios-Aging, Waste Package
Spacing, andDrift Spacing. Input Transmittal 00395.T. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20001116.0003.
CRWMS M&O 2 0 0 0 p. EngineeringFilesfor Site Recommendation. TDR-WHMS-D-000001 REV 00.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000607.0232.
CRWMS M&O 2000q. WHB/WTB Space ProgramAnalysis for Site Recommendation.
ANL-WHS-AR-000001 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000808.0408.
CRWMS M&O 2000r. Repository Surface FacilitiesPrimarySystem CraneSpecifications.
CAL-WHS-ME-000001 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000922.0006.
CRWMS M&O 2000s. Waste HandlingBuilding System DescriptionDocument. SDD-HBS-SE-000001
REV 00 ICN 01. Las Vegas, Nevada- CRWMS M&O. ACC: MOL.20000802.0009.

6-11

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. I
CRWMS M&O 2000t. PreliminaryDynamic Soil-Structure-interactionAnalysisfor the Waste Handling
Building. ANL-WHS-ST-000001 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000504.0313.
CRWMS M&O 2000u. CanisterTransferSystem DescriptionDocument. SDD-CTS-SE-000001 REV 00
ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000807.0079.
CRWMS M&O 2000v. Assembly TransferSystem DescriptionDocument. SDD-ATS-SE-000001 REV 00
ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000807.0081.
CRWMS M&O 2000w. GroundControlfor Emplacement Driftsfor SR. ANL-EBS-GE-000002 REV 00.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000414.0875.
CRWMS M&O 2000x. OverallSubsurface VentilationSystem. ANL-SVS-HV-000002 REV 00 ICN 1. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20000609.0265.
CRWMS M&O 20 0 0 y. Subsurface TransporterSafety Systems Analysis. ANL-WER-ME-000001 REV 01.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000829.0005.
CRWMS M&O 2000z. Bottom/Side Lift Gantry ConceptualDesign. ANLWES-ME-000003 REV 01. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20000420.0399.
CRWMS M&O 2000aa. Retrieval Equipment andStrategyfor WP on Pallet.ANL-WES-ME-O00006
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001002.0150.
CRWMS M&O 2000ab. Emplacement Drift System DescriptionDocument. SDD-EDS-SE-000001
REV 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000803.0348.
CRWMS M&O 2000ac. Waste Emplacement/RetrievalSystem DescriptionDocument.
SDD-WES-SE-000001 REV 01. Las Vegas, Nevada- CRWMS M&O. ACC: MOL.20000823.0002.
CRWMS M&O 2000ad. GroundControlSystem DescriptionDocument. SDD-GCS-SE-000001 REV 01.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000803.0355.
CRWMS M&O 2000ae. Backigll EmplacementSystem DescriptionDocument. SDD-BES-SE-000001
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000210.0074.
CRWMS M&O 2000af. Subsurface Ventilation System DescriptionDocument. SDD-SVS-SE-000001
REV 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000803.0356.
CRWMS M&O 2000ag. Performance ConfirmationPlan TDR-PCS-SE-000001 REV 01 ICN 01. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20000601.0196.
CRWMS M&O 2000ah. Instrumentationand Controlsfor Waste Emplacement. ANL-WES-CS-000001
REV 00 ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000825.0004.
CRWMS M&O 2000ai. Repository Closureand SealingApproach. ANL-SCS-MG-000001 REV 00. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20000714.0553.
6-12

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1
CRWMS M&O 2000aj. Closure Seal Locationsand GeologicEnvironment Study. TDR-SCS-MG-000002
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000122.0037.
CRWMS M&O 2000ak. Closure Seal Materialsand Configuration.TDR-SCS-MG-000001 REV 00. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20000124.0136.
CRWMS M&O 2000al. Near FieldEnvironmentProcessModel Report. TDR-NBS-MD-000001 REV 00
ICN 03. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001121.0041.
CRWMS M&O 2000am. ESFGroundSupport Design Analysis. BABEEOOOO-01717-0200-00002 REV
01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000119.0135.
CRWMS M&O 2000an. Emplacement VentilationSystem. ANL-SVS-HV-000003 REV 00. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.20000413.0688.
CRWMS M&O 2000ao. Waste Package Transportand TransferAlternatives. ANL-WES-ME-000001
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000317.0261.
CRWMS M&O 2000ap. DesignAnalysisfor the Ex-ContainerComponents. ANL-XCS-ME-000001
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000525.0374.
CRWMS M&O 2000aq. Invert ConfigurationandDrip Shield Interface. TDR-EDS-ST-000001 REV 00.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000505.0232.
CRWMS M&O 2000ar. DripShield Emplacement GantryConcept. ANL-XCS-ME-000002 REV 00. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20000418.0817.
CRWMS M&O 2000as. EngineeredBarrierSystem Degradation,Flow, and TransportProcessModel
Report. TDR-EBS-MD-000006 REV 00 ICN 01. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000724.0479.
CRWMS M&O 2000at StructuralCalculationsof the Drip ShieldStatically Loaded by the Backfill and
Loose Rock Mass. CAL-XCS-ME-000001 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC:
MOL.20000216.0098.
CRWMS M&O 2000au. UncanisteredSpent NuclearFuel Disposal ContainerSystem Description
Document. SDD-UDC-SE-000001 REV 01. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000822.0004.
CRWMS M&O 2000av. Waste PackageContainmentBarrierMaterialsandDripShield Selection Report.
B00000000-01717-2200-00225 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000209.0300.
CRWMS M&O 2000aw. Defense High Level Waste DisposalContainerSystem DescriptionDocument.
SDD-DDC-SE-000001 REV 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000823.0001.
CRWMS M&O 2000ax. Naval Spent NuclearFuelDisposalContainerSystem DescriptionDocument.
SDD-VDC-SE-000001 REV 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000817.0544.

6-13

Yucca Mountain Science and EngineeringReport
DOE/RW-0539 Rev. I
CRWMS M&O 2000ay. PreclosureDesignBasis Events Related to Waste Packages,
ANL-MGR-MD-000012 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000725.0015.
CRWMS M&O 2000az. Waste PackageDesign Sensitivity Report. TDR-EBS-MD-000008 REV 00. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20000518.0179.
CRWMS M&O 2000ba. Waste PackageRelatedImpacts ofPlutonium Disposition Waste Forms in a
GeologicRepository. TDR-EBS-MD-000003 REV 01 ICN 01. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000510.0163.
CRWMS M&O 2000bb. Waste Packagesand Source Termsfor the Commercial 1999 DesignBasis Waste
Streams. CAL-MOR-MD-000001 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000214.0479.
CRWMS M&O 2000bc. Update to the EIS EngineeringFilefor the Waste Package in Supportof the Final
EX&TDR-EBS-MD-000010 REV 00 ICN 01. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000317.0446.
CRWMS M&O 2000bd. Waste PackageInternalMaterialsSelection Report.
BOOOOOOOO-01717-2200-00226 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000209.0299.
CRWMS M&O 2000be. Waste PackageNeutron Absorber, Thermal Shunt, and FillGas Selection Report.
BOOOOOOOO-01717-2200-00227 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000209.0301.
CRWMS M&O 2000bf. Waste PackageOperationsFabricationProcessReport. TDR-EBS-ND-000003
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000217.0244.
CRWMS M&O 2000bg. 21 PWR Waste PackageLoading Curve Evaluation. CAL-UDC-NU-000001
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000517.0451.
CRWMS M&O 2000bh. Evaluationof Codisposal iabilityfor UZrH (TRIGA) DOE-Owned Fuel
TDR-EDC-NU-000001 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000207.0689.
CRWMS M&O 2000bi. Evaluation of Codisposal flablityfor HEU Oxide (ShippingportPWR)
DOE-OwnedFuel.TDR-EDC-NU-000003 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000227.0240.
CRWMS M&O 2000bj. Evaluation of Codisposal ,iabiliyfor U-Zr/U-Mo Alloy (EnricoFermi)
DOE-OwnedFuel.TDR-EDC-NU-000002 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000815.0317.
CRWMS M&O 2000bk. Evaluationof Codisposal Ylabilityfor Th/U Oxide (ShippingportLWBR)
DOE-OwnedFuel. TDR-EDC-NU-000005 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20001023.0055.
CRWMS M&O 2000bL DesignAnalysisfor UCF Waste Packages.ANL-UDC-MD-000001 REV 00. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20000526.0336.

6-14

Yucca Mountain Science and EngineeringReport
DOE/RW-0539 Rev. I
CRWMS M&O 2000bm. Waste Form DegradationProcessModel Report. TDR-WIS-MD-000001 REV
00 ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000713.0362.
CRWMS M&O 2000bn. SaturatedZone Flow and TransportProcess Model Report.
TDR-NBS-HS-000001 REV 00 ICN 01. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000821.0359.
CRWMS M&O 2000bo. Biosphere ProcessModel Report. TDR-MGR-MD-000002 REV 00 ICN 01. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20000620.0341.
CRWMS M&O 2000bp. NaturalAnalogsfor the UnsaturatedZone. ANL-NBS-HS-000007 REV 00. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.19990721.0524.
CRWMS M&O 2000bq. ConceptualandNumericalModelsfor UZ Flow and Transport.
MDL-NBS-HS-000005 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19990721.0526.
CRWMS M&O 2000br. Development ofNumerical Gridsfor UZ Flow and TransportModeling.
ANL-NBS-HS-000015 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19990721.0517.
CRWMS M&O 2000bs. Geologic FrameworkModel (GFM3.1). MDL-NBS-GS-000002 REV 00 ICN 01.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000121.0115.
CRWMS M&O 2000bt. Analysis of Hydrologic PropertiesData. ANL-NBS-HS-000002 REV 00. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.19990721.0519.
CRWMS M&O 2000bu. In Situ FieldTesting of Processes.ANL-NBS-HS-000005 REV 00. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.20000504.0304.
CRWMS M&O 2000bv. Analysis of GeochemicalDatafor the UnsaturatedZone. ANL-NBS-HS-000017
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000725.0453.
CRWMS M&O 2000bw. UZ Flow Models and Submodels. MDL-NBS-HS-000006 REV 00. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.19990721.0527.
CRWMS M&O 2000bx. Seepage Modelfor PA IncludingDriftCollapse. MDL-NBS-HS-000002 REV 00.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19990721.0525.
CRWMS M&O 2000by. Abstraction ofDrift Seepage. ANL-NBS-MD-000005 REV 00. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.20000322.0671.
CRWMS M&O 2000bz. Seepage CalibrationModel andSeepage Testing Data.MDL-NBS-HS-000004
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19990721.0521.
CRWMS M&O 2000ca. Abstractionofflow Fieldsfor RIP (ID: UO125). ANL-NBS-HS-000023 REV 00.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000127.0089.
CRWMS M&O 2000cb. Analysis of Base-CaseParticleTrackingResults of the Base-CaseFlow Fields
(ID: U0160). ANL-NBS-HS-000024 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC:
MOL.20000207.0690.

6-15

Yucca MountainScience andEngineeringReport
DOE/RW-0539 Rev. 1
CRWMS M&O 2000cc. AbstractionofNFE D"ift Thermodynamic Environment andPercolationFlux.
ANL-EBS-HS-000003 REV 00 ICN 01. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20001206.0143.
CRWMS M&O 2000cd. Ventilation Model ANL-EBS-MD-000030 REV 00. Las Vegas, Nevada:
CRWMS M&O. ACC: MOL.20000107.0330.
CRWMS M&O 2000ce. ANSSYS Calculationin Support of Thermal LoadingDesignfor SR.
CAL-SFS-MG-000003 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000608.0003.
CRWMS M&O 2000cf Multiscale Thermohydrologic Model. ANL-EBS-MD-000049 REV 00 ICN 01.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001208.0062.
CRWMS M&O 2000cg. EngineeredBarrierSystem: Physicaland Chemical EnvironmentModel
ANL-EBS-MD-000033 REV 01. Las Vegas, Nevada: CRWMS M&O. ACC: 20001228.0081.
CRWMS M&O 2000ch. Thermal Tests Thermal-HydrologicalAnalyses/Model Report.
ANL-NBS-TH-000001 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000505.0231.
CRWMS M&O 2000ci. Mountain-ScaleCoupled Processes(TI-) Models. MDL-NBS-HS-000007
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19990721.0528.
CRWMS M&O 2000cj. CalibratedPropertiesModel. MDL-NBS-HS-000003 REV 00. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.19990721.0520.
CRWMS M&O 2000ck. Environmenton the Surfaces of the Drip Shieldand Waste PackageOuterBarrier
ANL-EBS-MD-000001 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000328.0590.
CRWMS M&O 2000c!. In-DriftPrecipitates/SaltsAnalysis. ANL-EBS-MD-000045 REV 00 ICN 01. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20001211.0002.
CRWMS M&O 2000cm. In-Dr'ft Gas Flux andComposition. ANL-EBS-MD-000040 REV 00. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.20000523.0154.
CRWMS M&O 2000cn. Waste Form Colloid-AssociatedConcentrationsLimits: Abstractionand
Summay. ANL-WIS-MD-000012 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000525.0397.
CRWMS M&O 2000co. In-Drift Colloidsand Concentration.ANL-EBS-MD-000042 REV 00. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.20000509.0242.
CRWMS M&O 2000cp. In-DrOMicrobial Communities.ANL-EBS-MD-000038 REV 00 ICN 01. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20001213.0066.
CRWMS M&O 2000cq. General CorrosionandLocalized Corrosionof Waste Package OuterBarrier.
ANL-EBS-MD-000003 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000202.0172.
CRWMS M&O 2000cr. GeneralCorrosionandLocalized Corrosionof the Drip Shield
ANL-EBS-MD-000004 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000329.1185.
6-16

Yucca MountainScience andEngineeringReport
DOE/RW-0539 Rev. 1
CRWMS M&O 2000cs. Analysis of Mechanismsfor Early Waste Package Failure.
ANL-EBS-MD-000023 REV 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000223*0878.
CRWMS M&O 2000ct. Aging and PhaseStability of Waste Package Outer Barrier
ANL-EBS-MD-000002 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000410.0407.
CRWMS M&O 2000cu. Stress CorrosionCrackingof the Drip Shield, the Waste Package Outer Barrier,
and the Stainless Steel StructuralMaterial.ANL-EBS-MD-000005 REV 00 ICN 01. Las Vegas, Nevada:
CRWMS M&O. ACC: MOL.20001102.0340.
CRWMS M&O 2000cv. Hydrogen Induced Crackingof Drip Shield ANL-EBS-MD-000006 REV 00
ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001025.0100.
CRWMS M&O 2000cw. Degradationof Stainless Steel StructuralMaterial ANL-EBS-MD-000007
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000329.1188.
CRWMS M&O 2000cx. FEPsScreening of ProcessesandIssues in Drip Shieldand Waste Package
Degradation. ANL-EBS-PA-000002 REV 00 ICN 01. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20001211.0004.
CRWMS M&O 2000cy. Calculationof ProbabilityandSize of Defect Flaws in Waste PackageClosure
Welds to Support WAPDEG Analysis. CAL-EBS-PA-000003 REV 00. Las Vegas, Nevada: CRWMS
M&O. ACC: MOL.20000424.0676.
CRWMS M&O 2000cz. Calculationof General CorrosionRate of DripShield and Waste Package Outer
Barrierto Support WAPDEGAnalysis. CAL-EBS-PA-000002 REV 00. Las Vegas, Nevada: CRWMS
M&O. ACC: MOL.20000319.0047.
CRWMS M&O 2000da. Abstraction ofModelsfor Pittingand Crevice Corrosionof DripShield and Waste
Package Outer Barrier ANL-EBS-PA-000003 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000526.0327.
CRWMS M&O 2000db. Abstractionof Models of Stress CorrosionCrackingofDrip Shield and Waste
Package OuterBarrierand HydrogenInduced Corrosionof Drip Shield. ANL-EBS-PA-000004 REV 00
ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001213.0065.
CRWMS M&O 2000dc. WAPDEG Analysis of Waste Package and Drip Shield Degradation.
ANL-EBS-PA-000001 REV 00 ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001208.0063.
CRWMS M&O 2000dd. EBS Radionuclide TransportAbstraction. ANL-WIS-PA-000001 REV 00 ICN
02. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001204.0029.
CRWMS M&O 2000de. InitialCladdingCondition.ANL-EBS-MD-000048 REV 00 ICN 01. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.20001002.0145.
CRWMS M&O 2000df. CladDegradation-LocalCorrosionof Zirconium andIts Alloys Under
Repository Conditions. ANL-EBS-MD-000012 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000405.0479.

6-17

Yucca MountainScience andEngineeringReport
DOE/RW-0539 Rev. I
CRWMS M&O 2000dg. Hydride-RelatedDegradationof SNF CladdingUnder Repository Conditions.
ANL-EBS-MD-000011 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000319.0048.
CRWMS M&O 2000dh. CladDegradation-WetUnzipping. ANL-EBS-MD-000014 REV 00. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.20000502.0398.
CRWMS M&O 2000di. CladDegradation-DryUnzipping.ANL-EBS-MD-000013 REV 00. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.20000503.0200.
CRWMS M&O 2000dj. CladDegradation-SummaryandAbstraction. ANL-WIS-MD-000007 REV 00.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000602.0055.
CRWMS M&O 2000dk. CSNF Waste Form Degradation:Summary Abstraction. ANL-EBS-MD-000015
REV 00. Las Vegas, Nevada:. CRWMS M&O. ACC: MOL.20000121.0161.
CRWMS M&O 2000d1. Defense High Level Waste Glass Degradation.ANL-EBS-MD-000016 REV 00.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000329.1183.
CRWMS M&O 2000dn. Summary of In-PackageChemishyfor Waste Forms. ANL-EBS-MD-000050
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000217.0217.
CRWMS M&O 2000dn. In-Package ChemistryAbstraction. ANL-EBS-MD-000037 REV 00. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.20000418.0818.
CRWMS M&O 2000do. CladDegradation--FEPsScreeningArguments. ANL-WIS-MD-000008
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000525.0378.
CRWMS M&O 2000dp. Summary of DissolvedConcentrationLimits. ANL-WIS-MD-000010 REV 00.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000525.0372.
CRWMS M&O 2000dq. Pure PhaseSolubility Limits-LANL ANL-EBS-MD-00001 7 REV 00. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20000504.0311.
CRWMS M&O 2000dr. Secondary Uranium-PhaseParagenesisandIncorporationof Radionuclides into
Secondary Phases.ANL-EBS-MD-000019 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000414.0644.
CRWMS M&O 2000ds. Inventory Abstraction.ANL-WIS-MD-000006 REV 00 ICN 01. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.20001130.0002.
CRWMS M&O 2000dt. Colloid-AssociatedRadionuclideConcentrationLimits: ANL.
ANL-EBS-MD-000020 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000329.1187.
CRWMS M&O 2000du. Per CanisterInventoriesfor DOE SNFfor TSPA-Sit CAL-WIS-MD-000006
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000510.0155.
CRWMS M&O 2000dv. PerformanceAssessment Sensitivity Analyses of Selected U.S. Departmentof
EnergySpent Fuels ANL-WIS-MD-000001 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000710.0530.

6-18

Yucca MountainScience andEngineeringReport
DOE/RW-0539 Rev. I
CRWMS M&O 2000dw. Waste Package RadionuclideInventory Approximationsfor TSPA-SRP
CAL-WIS-NM-000004 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000630.0247.
CRWMS M&O 2000dx. Inventory Abstraction.ANL-WIS-MD-000006 REV 00. Las Vegas, Nevada:
CRWMS M&O. ACC: MOL.20000414.0643.
CRWMS M&O 2000dy. EBS RadionuclideTransportModel. ANL-EBS-MD-000034 REV 00 ICN 01.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000727.0091.
CRWMS M&O 2000dz. Invert Diffusion PropertiesModel. ANL-EBS-MD-000031 REV 01. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.20000912.0208.
CRWMS M&O 2000ea. Radionuclide TransportModels UnderAmbient Conditions.
MDL-NBS-HS-000008 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19990721.0529.
CRWMS M&O 2.000eb. UnsaturatedZone and SaturatedZone TransportProperties(UO)00).
ANL-NBS-HS-000019 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000829.0006.
CRWMS M&O 2000ec. UZ Colloid TransportModel. ANL-NBS-HS-000028 REV 00. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.20000822.0005.
CRWMS M&O 2000ed. ParticleTrackingModel and Abstractionof TransportProcesses.
ANL-NBS-HS-000026 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000502.0237.
*

CRWMS M&O 2000ee. Analysis ComparingAdvective-Dispersive TransportSolution to Particle
Tracking. ANL-NBS-HS-000001 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19990721.0518.
CRWMS M&O 2000ef. Features, Events, and Processesin UZ Flow and Transport.
ANL-NBS-MD-000001 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000502.0240.
CRWMS M&O 2000eg. GeochemicalandIsotopic Constraintson GroundwaterFlow Directions,Mixing,
and Recharge at Yucca Mountain,Nevada. ANL-NBS-HS-000021 REV 00. Las Vegas, Nevada: CRWMS
M&O. ACe: MOL.20000918.0287.
CRWMS M&O 2000eh. SaturatedZone TransportMethodology and TramportComponent Integration.
MDL-NBS-HS-000010 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000824.0513.
CRWMS M&O 2000ei. SaturatedZone Colloid-FacilitatedTransport.ANL-NBS-HS-000031 REV 00.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000609.0266.
CRWMS M&O 2000ej. Calibrationof the Site-Scale SaturatedZone Flow Model. MDL-NBS-HS-0000 II
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000825.0122.

.

CRWMS M&O 2000ek. UncertaintyDistributionfor StochasticParameters.ANL-NBS-MD-00001 1
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000526.0328.
CRWMS M&O 2000el. Input and Results ofthe Base Case SaturatedZone Flow and TransportModelfor
TSPA. ANL-NBS-HS-000030 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000526.0330.

6-19

Yucca MountainScience and EngineeringReport
DOE/RW-0539 Rev. 1
CRWMS M&O 2000cm. ProbabilityDistributionfor FlowingIntervalSpacing. ANL-NBS-MD-000003
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000602.0052.
CRWMS M&O 2000mn. Modeling Sub Gridlock Scale Dispersionin Three-DimensionalHeterogeneous
FracturedMedia (SOO15). ANL-NBS-HS-000022 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000622.0363.
CRWMS M&O 2000wo. Evaluate Soil/RadionuclideRemoval by Erosionand Leaching.
ANL-NBS-MD-000009 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000310.0057.
CRWMS M&O 2000ep. Identificationofthe CriticalGroup (Consumptionof Locally ProducedFoodand
Tap Water). ANL-MGR-MD-000005 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000224.0399.
CRWMS M&O 2000eq. Abstractionof BDCF Distributionsfor rrigationPeriods.
ANL-NBS-MD-000007 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000517.0257.
CRWMS M&O 2000er. DistributionFittingto the Stochastic BDCFData ANL-NBS-MD-000008
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000517.0258; MOL.20000601.0753.
CRWMS M&O 2000es. Non-DisruptiveEvent Biosphere Dose Conversion FactorSensitivity Analysis.
ANL-MGR-MD-000010 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000420.0074.
CRWMS M&O 2000et. Features,Events, and Processes in Thermal Hydrology and Coupled Processes.
ANL-NBS-MD-000004 REV 00. Las Vegas, Nevada; CRWMS M&O. ACC: MOL.20000602.0053.
CRWMS M&O 2000eu. Miscellaneous Waste-Form FEPs.ANL-WIS-MD-000009 REV 00. Las Vegas,
Nevada: CRWMS M&O. ACC: MOL.20000526.0339.
CRWMS M&O 2000ev. EngineeredBarrierSystem Features,Events, and Processes,and Degradation
Modes Analysis. ANL-EBS-MD-000035 REV 00 ICN 01. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000727.0092.
CRWMS M&O 2000ew. Features,Events, andProcesses in SZ Flow and Transport.
ANL-NBS-MD-000002 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000526.0338.
CRWMS M&O 2000ex. Features,Events, andProcesses:Disruptive Events. ANL-WIS-MD-000005
REV 00 ICN 1. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001218.0007.
CRWMS M&O 2000ey. Total System PerformanceAssessment-Site Recommendation Methods and
Assumptions. TDR-MGR-MD-000001 REV 00 ICN 02. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000307.0384.
CRWMS M&O 2000ez. CharacterizeFrameworkforIgneous Activity at Yucca Mountain, Nevada
ANL-MGR-GS-000001 REV 00 ICN 01. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20001221.0001.
CRWMS M&O 2000fa. CharacterieEruptive Processesat Yucca Mountain,Nevada.
ANL-MGR-GS-000002 REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000517.0259.

6-20

-1

Yucca Mountain Science andEngineeringReport
DOFJRW-0539 Rev. I
CRWMS M&O 2000fb. Dike PropagationNear Drifts.ANL-WIS-MD-000015 REV 00 ICN 01. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20001213.0061.
CRWMS M&O 2000fc. Igneous Consequence Modelingfor the TSPA-SR. ANL-WIS-MD-O0001 7 REV
00 ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001204.0022.
CRWMS M&O 2000fd. CharacterizeFrameworkfor Seismicity andStructuralDeformationat Yucca
Mountain,Nevada ANL-CRW-GS-000003 REV 00. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.20000510.0175
CRWMS M&O 2000fe. Effects of FaultDisplacement on Emplacement Dris.ANL-EBS-GE-000004
REV 00 ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000504.0297.
CRWMS M&O 2000ff. FaultDisplacementEffects on Transportin the UnsaturatedZone.
ANL-NBS-HS-000020 REV 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001002.0154.
CRWMS M&O 2000fg. Water Pooling-Evaporationin a Waste Package.CAL-EBS-NU-000009 REV 00.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000424.0698.
CRWMS M&O 2000fli Probabilityof CriticalityBefore 10,000 Years. CAL-EBS-NU-000014 REV 00.
Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20001107.0303.
CRWMS M&O 2000fi. Number of Waste PackagesHit by Igneous Intrusion.CAL-WIS-PA-000001
REV 00. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000602.0054.
CRWMS M&O 2000fj. MonitoredGeologicRepository Test & Evaluation Plan TDR-MGR-SE-0000 10
REV 03. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000926.0296.
CRWMS M&O 2000fk. Repository Safety Strategy: Plan to Preparethe PostclosureSafety Case to
Support Yucca Mountain Site Recommendation and LicensingConsiderations.TDR-WIS-RL-000001
REV 03. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20000119.0189.
CRWMS M&O 2001a. Repository Safety Strategy: Planto Preparethe Safety Case to Support Yucca
Mountain Site Recommendation andLicensing Considerations.TDR-WIS-RL-000001 REV 04 ICN 01.
Two volumes. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20010329.0825.
CRWMS M&O 2001b. Precipitates/SallsModel Resultsfor THC Abstraction.CAL-EBS-PA-000008 REV
00 ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20010125.0231.
CRWMS M&O 2001c. Water DistributionandRemoval Model. ANL-EBS-MD-000032 REV 01. Las
Vegas, Nevada: CRWMS M&O. ACC: MOL.20010214.003 1.
CRWMS M&O 200 1d. EngineeredBarrierSystem Features,Events, and Processes.
ANL-WIS!PA-000002 REV 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20010312.0024.
CRWMS M&O 2001e. Nominal PerformanceBiosphere Dose ConversionFactorAnalysis.
ANL-MGR-MD-000009 REV 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20010123.0123.
CRWMS M&O 2001f. DistributionFittingto the Stochastic BDCFDataLANL-NBS-MD-000008 REV 00
ICN 01. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.20010221.0148.

6-21

Yucca Mountain Science and EngineeringReport
DOEIRW-0539 Rev. I
Cullen, A.C. and Frey, H.C. 1999. ProbabilisticTechniques in Exposure Assessment, A Handbookfor
Dealingwith Variabilityand Uncertainty in Models and Inputs.New York, New York: Plenum Press.
TIC: 242815.
Curry, P.M. 2001. Monitored GeologicRepository ProjectDescriptionDocument. TDR-MGR-SE-000004
REV 02 ICN 02. Las Vegas, Nevada: Bechtel SAIC Company. ACC: MOL.20010628.0224.
Czarnecki, J.B. 1984. SimulatedEffects oflncreasedRechargeon the Ground-WaterFlow System of Yucca
Mountain and flcinity, Nevada-California Water-Resources Investigations Report 84-4344. Denver,
Colorado: U.S. Geological Survey. ACC: HQS.19880517.1750.
D'Agnese, F.A.; Faunt, C.C.; Turner, A.IL; and Hill, M.C. 1997. HydrogeologicEvaluationandNumerical
Simulation of the Death Valley Regional Ground-WaterFlow System, Nevada and California.
Water-Resources Investigations Report 96-4300. Denver, Colorado: U.S. Geological Survey.
ACC: MOL.19980306.0253.
D'Agnese, F.A.; O'Brien, G.M.; Faunt, C.C.; and San Juan, C.A. 1999. Simulated Effects ofClimate
Change on the Death Valley Regional Ground-WaterFlow System, Nevada and California.
Water-Resources Investigations Report 984041. Denver, Colorado: U.S. Geological Survey. TIC: 243555.
Danko, J.C. 1987. "Corrosion in the Nuclear Power Industry." In Corrosion,Volume 13, pages 928-934 of
Metals Handbook 9th Edition. Metals Park, Ohio: ASM International. TIC: 209807.
Davies, J.B. and Archambeau, C.B. 1997a. "Geohydrological Models and Earthquake Effects at Yucca
Mountain, Nevada." EnvironmentalGeology, 32, (1), 23-35. New York, New York: Springer-Verlag.
TIC: 237118.
Davies, J.B. and Archambeau, C.B. 199T7. "Analysis of High-Pressure Fluid Flow in Fractures with
Application to Yucca Mountain, Nevada, Slug Test Data." Tectonophysics, 277, 83-98. Amsterdam, The
Netherlands: Elsevier Science. TIC: 246496.
Davis, O.K. 1990. "Caves as Sources of Biotic Remains in Arid Western North America."
Palaeogeography,Palaeoclimatology,Palaeoecology,76, (3/4), 331-348. Amsterdam, The Netherlands:
Elsevier Science. TIC: 247413.
Day, W.C,; Dickerson, R.P.; Potter, CJ.; Sweetkind, D.S.; San Juan, C.A.; Drake, R.M., H; and Fridrich,
CJ. 1998. Bedrock GeologicMap of the Yucca Mountain Area,Nye County, Nevada. Geologic
Investigations Series 1-2627. Denver, Colorado: U.S. Geological Survey. ACC: MOL.19981014.0301.
Day, W.C.; Potter, CJ.; Sweetkind, D.S.; Dickerson, R.P.; and San Juan, C.A. 1998. Bedrock Geologic
Map ofthe CentralBlock Area, Yucca Mountain,Nye County,Nevada. Miscellaneous Investigations Series
Map 1-2601. Washington, D.C.: U.S. Geological Survey. ACC: MOL.19980611.0339.
DeLoach, L.; Glassley, W.; Johnson, J.; and Knauss, K. 1997. ProgressReport of Model Results, Account
TR3A2FB2, Formationof flow BarriersWithin the Altered Zone. Milestone SPL2AM4. Livermore,
California: Lawrence Livermore National Laboratory. ACC: MOL.19971215.0644.
de Marsily, Q; Ledoux, E.; Barbreau, A.; and Margat, J. 1977. "Nuclear Waste Disposal: Can the Geologist
Guarantee Isolation?" Science, 197, (4303), 519-527. Washington, D.C.: American Association for the
Advancement of Science. TIC: 245104.
6-22

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1
Dibble, W.E. and Tiller, WA. 1981. "Kinetic Model of Zeolite Paragenesis in Tuffaceous Sediments."
Clays andClay Minerals, 29, (5), 323-330. Long Island, New York: Pergamon Press. TIC: 221129.
DOE (U.S. Department of Energy) 1980. FinalEnvironmentalImpact Statement Managementof
Commercially GeneratedRadioactive Waste. DOE/EIS-0046F. Three volumes. Washington, D.C.:
U.S. Department of Energy, Office of Nuclear Waste Management. ACC: HQZ.19870302.0183;
HQZ. 19870302.0184; HQZ. 19870302.0185.
DOE 1986a. A Multiattribute Utility Analysis of Sites Nominatedfor Characterizationfor the First
Radioactive-WasteRepository--A Decision-AidingMethodology. DOE/RW-0074. Washington, D.C.: U.S.
Department of Energy, Office of Civilian Radioactive Waste Management. ACC: NNA.19870818.0022.
DOE 1986b. Recommendation by the Secretary of Energy of CandidateSites for Site Characterizationfor
the FirstRadioactive-Waste Repository. DOE.S-0048. Washington, D.C.: U.S. Department of Energy,
Office of Civilian Radioactive Waste Management. ACC: MOL. 19980701.0391.
DOE 1986c. EnvironmentalAssessment Yucca MountainSite, Nevada Researchand Development Area,
Nevada. DOE/RW-0073. Three volumes. Washington, D.C.: U.S. Department of Energy, Office of Civilian
Radioactive Waste Management ACC: HQZ.19870302.0332.
DOE 1988. Site CharacterizationPlan Yucca Mountain Site, Nevada Research and Development Area,
Nevada. DOE/RW-0199. Nine volumes. Washington, D.C.: U.S. Department of Energy, Office of Civilian
Radioactive Waste Management. ACC: HQO.19881201.0002.
DOE 1989. Review of a ConceptualModel and Evidencefor Tectonic Controlof the Ground-WaterSystem
in the Vicinity of Yucca Mountain, Nevada. Las Vegas, Nevada: U.S. Department of Energy. ACC:
NNA.19890818.0234.
DOE 1996a. Title 40 CFR Part191 ComplianceCertificationApplicationfor the Waste IsolationPilot
Plant.DOE/CAO-1996-2184. Twenty-one volumes. Carlsbad, New Mexico: U.S. Department of Energy,
Carlsbad Area Office. TIC: 240511.
DOE 1996b. Spern Nuclear Fuel Dischargesfrom U.S. Reactors 1994. SRICNEAF/96-01. Washington,
D.C.: U.S. Department of Energy. TIC: 232923.
DOE 1997a. Linking Legacies, Connecting the Cold War Nuclear Weapons ProductionProcessesto Their
EnvironmentalConsequences.DOE/EM-0319. Washington, D.C.: U.S. Department of Energy, Office of
Environmental Management. TIC: 232904.
DOE 199T7. Final Waste ManagementProgrammaticEnvironmentalImpact Statementfor Managing
Treatment, Storage, andDisposal ofRadioactive and Hazardous Waste. DOE/EIS-0200-F. Summary and
five volumes. Washington, D.C.: U.S. Department of Energy, Office ofEnvironmental Management. ACC:
MOL.20010727.0150; MOL.20010727.0151; MOL.20010727.0152.
DOE 1997c. Site CharacterizationProgressReport: Yucca Mountain, Nevada. DOE/RW-0498. Number
15. Washington, D.C.: U.S. Department of Energy, Office of Civilian Radioactive Waste Management.
ACC: HQO.19970428.0001.

6-23

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. I
DOE 1997d. The 1997 "Biosphere" FoodConsumptionSurvey Summary Findingsand Technical
Documentation. Washington, D.C.: U.S. Department of Energy, Office of Civilian Radioactive Waste
Management. ACC: MOL.19981021.0301.
DOE 1998. Viability Assessment of a Repository at Yucca Mountai DOE/RW-0508. Overview and five
volumes. Washington, D.C.: U.S. Department of Energy, Office of Civilian Radioactive Waste
Management. ACC: MOL.19981007.0027; MOL.19981007.0028; MOL.19981007.0029;
MOL.19981007.0030; MOL.19981007.0031; MOL.19981007.0032.
DOE 1999a. Draft EnvironmentalImpact Statementfor a GeologicRepositoryfor the DisposalofSpent
Nuclear Fuel andHigh-Level Radioactive Waste at Yucca Mountain Nye County, Nevada
DOE/EIS-0250D. Summary, Volumes I and IL Washington, D.C.: U.S. Department of Energy, Office of
Civilian Radioactive Waste Management ACC: MOL.19990816.0240.
DOE 1999b. Site CharacterizationProgressReport Yucca Mountain, Nevada DOE/RW-0512. Number
19. Washington, D.C.: U.S. Department of Energy, Office of Civilian Radioactive Waste Management.
ACC: HQO.19990813.0018.
DOE 1999c. Waste Acceptance System Requirements Document. DOEtRW-0351, Rev. 03. Washington,
D.C.: U.S. Department of Energy, Office of Civilian Radioactive Waste Management.
ACC: HQO.19990226.0001.
DOE 1999d. DOE Spent Nuclear FuelInformation in Support of TSPA-SR DOE/SNF/REP-0047, Rev. 0.
Washington, D.C.: U.S. Department of Energy, Office of Environmental Management. TIC: 245482.
DOE 2000a. Quality Assurance Requirementsand Description.DOE/RW-0333P, Rev. 10. Washington,
D.C.: U.S. Department of Energy, Office of Civilian Radioactive Waste Management.
ACC: MOL.20000427.0422.
DOE 2000b. CivilianRadioactive Waste Management System Requirements Document. DOE/RW-0406,
Rev. 5, DCN 02. Washington, D.C.: U.S. Department of Energy, Office of Civilian.Radioactive Waste
Management. ACC: MOL.20010117.0341.
DOE 2000c. IntegratedSafety Management Plan.DOE/RW-0523, Rev. 0. Washington, D.C.: U.S.
Department of Energy, Office of Civilian Radioactive Waste Management. ACC: MOL.20000328.0320.
DOE 2000d. N Reactor (U-Metal) FuelCharacteristicsfor DisposalCriticalityAnalysis.
DOEISNF/REP-056, Rev. 0. Washington, D.C.: U.S. Department of Energy, Office of Environmental
Management. TIC: 247956.
DOE 2001 a. Yucca Mountain Science andEngineeringReport. DOEIRW-0539. Washington, D.C.: U.S.
Department of Energy, Office of Civilian Radioactive Waste Management. ACC: MOL.20010524.0272.
DOE 200lb. Yucca Mountain PreliminarySite Suitability Evaluation DOE/RW-0540. Washington, D.C.:
U.S. Department of Energy, Office of Civilian Radioactive Waste Management.
ACC: MOL.20011101.0082.
6-24

Yucca Mountain Science and EngineeringReport

.

DOEIRW-0539 Rev. I
DOE 2002. FinalEnvironmental Impact Statementfor a Geologic Repositoryfor the Disposalof Spent
NuclearFuel andHigh-Level Radioactive Waste at Yucca Mountain,Nye County, Nevada.
DOE/EIS-0250F. Washington, D.C.: U.S. Department of Energy, Office of Civilian Radioactive Waste
Management.
Doughty, C. 1999. "Investigation of Conceptual and Numerical Approaches for Evaluating Moisture, Gas,
Chemical, and Heat Transport in Fractured Unsaturated Rock." Journalof ContaminantHydrology,38,
(1-3), 69-106. New York, New York: Elsevier Science. TIC: 244160.
Dublyansky, Y.V. and Reutsky, V.N. 1995. PreliminaryDataon FluidInclusions In EpigeneticMinerals
firom Tunnel Excavated Under Yucca Mountain.Novosibirsk, Russia: United Institute of Geology,
Geophysics and Mineralogy, Russian Academy of Sciences, Siberian Branch. TIC: 247348.
Duderstadt, J.J. and Hamilton, L.J. 1976. NuclearReactorAnalysis. New York, New York: John Wiley &
Sons. TIC: 245454.
Duncan, A.B.; Bilhorn, S.G; and Kennedy, J.E. 1988. Technical Positionon Items andActivities in the
High-Level Waste GeologicRepository ProgramSubject to QualityAssurance Requirements.
NUREG-1318. Washington, D.C.: U.S. Nuclear Regulatory Commission. TIC: 200650.

.

Dunn, D.S.; Pan, Y-M.; and Cragnolino, GA. 1999. Effects ofEnvironmentalFactorson the Aqueous
Corrosionof High-Level Radioactive Waste Containers-ExperimentalResults andModels.
CNWRA 99-004. San Antonio, Texas: Center for Nuclear Waste Regulatory Analyses. TIC: 246615.
Dyer, J.IL 2000. "Direction to Prepare Change Request to Delete Backfill from Design Basis for Site
Recommendation." Letter from J.R. Dyer (DOE/YMSCO) to D.R. Wilkins (CRWMS M&O), January 24,
2000, OPE:PGH-0559. ACC: MOL.20000128.0238.
Efurd, D.W.; Runde, W.; Banar, J.C.; Janecky, D.R.; Kaszuba, J.P.; Palmer, P.D.; Roensch, F.R.; and Tait,
C.D. 1998. "Neptunium and Plutonium Solubilities in a Yucca Mountain Groundwater." Environmental
Science & Technology, 32, (24), 3893-3900. Easton, Pennsylvania: American Chemical Society. TIC:
243857.
Erickson, J.R. and Waddell, R.K. 1985. Identificationand Characterizationof HydrologicPropertiesof
FracturedTuff Using Hydraulicand Tracer Tests-Test Well USW H-4, Yucca Mountain,Nye County,
Nevada. Water-Resources Investigations Report 85-4066. Denver, Colorado: U.S. Geological Survey.
ACC: NNA.19890713.0211.
Eslinger, P.W.; Doremus, L.A.; Engel, D.W.; Miley, T.B.; Murphy, M.T.; Nichols, WE.; White, M.D.;
Langford, D.W.; and Ouderkirk, SJ. 1993. PreliminaryTotal-System Analysis of a PotentialHigh-Level

Nuclear Waste Repository at Yucca Mountain.PNL-8444. Richland, Washington: Pacific Northwest
Laboratory. ACC: HQO.19930219.0001.
Evernden, J.. 1992. Safety of Proposed Yucca Mountain NuclearRepository as Regards Geologicaland
GeophysicalFactors:Evaluation ofMinorityReport by ArchambeauandPrice.Open-File Report 92-516.
Denver, Colorado: U.S. Geological Survey. TIC: 235252.
6-25

Yucca Mountain Science and EngineeringReport
DOE/RW-0539 Rev. 1
Fabryka-Martin, J.T.; Wightman, S.J.; Murphy, WJ.; Wickham, M.P.; Caffee, M.W.; Nimz, GJ.; Southon,
J.R.; and Sharma, P. 1993. "Distribution of Chlorine-36 in the Unsaturated Zone at Yucca Mountain: An
Indicator of Fast Transport Paths." Proceedingsofthe Topical Meeting on Site Characterizationand Model
Validation, FOCUS '93, September 26-29, 1993, Las Vegas, Nevada. Pages 58-68. La Grange Park,
Illinois: American Nuclear Society. TIC: 102245.
Fabryka-Martin, J.T.; Wolfsberg, A.V; Dixon, PR.; Levy, S.; Musgrave, J.; and Turin, H.J. 1996. Summary
Report of Chlorine-36Studies: Sampling Analysis andSimulation of Chlorine-36 in the Exploratory
Studies Facility.Milestone 3783M. Los Alamos, New Mexico:. Los Alamos National Laboratory.
ACC: MOL.19970103.0047.
Fabryka-Martin, J.T.; Wolfsberg, A.V.; Levy, S.S.; Roach, J.L.; Writers, S.T.; Wolfsberg, L.E.; Elmore, D.;
and Sharma, P. 1998. "Distribution of Fast Hydrologic Paths in the Unsaturated Zone at Yucca Mountain."
High-Level Radioactive Waste Management,Proceedingsof the EighthInternationalConference, Las
Vegas, Nevada, May 11-14, 1998. Pages 93-96. La Grange Park, Illinois: American Nuclear Society.
TIC: 237082.
Faybishenko, B.; Salve, R.; Zawislanski, P.; Doughty, C.; Lee, K.H.; Cook, P.; Freifeld, B.; Jacobsen, J.;
Sisson, B.; Hubbell, J.; and Dooley, K. 1998. PondedInfiltrationTest at the Box Canyon Site, DataReport
and PreliminaryAnalysis. LBNL Report 40183. Berkeley, California: Lawrence Berkeley National
Laboratory. ACC: MOL.19981002.0035.
Ferrill, DA.; Winterle, J.; Wittmeyer, Q; Sims, D.; Colton, S.; Armstrong, A.; and Morris, A.P. 1999.
"Stressed Rock Strains Groundwater at Yucca Mountain, Nevada." GSA Today. 9, (5), 1-8. Boulder,
Colorado: Geological Society of America. TIC: 246229.
Fetter, C.W. 1993. ContaminantHydrogeology.Upper Saddle River, New Jersey: Prentice Hall.
TIC: 240691.
Finsterle, S. 2000. "Using the Continuum Approach to Model Unsaturated Flow in Fractured Rock." Water
Resources Research, 36, (8), 2055-2066. Washington, D.C.: American Geophysical Union. TIC: 248769.
Flint, A.L-; Hevesi, J.A.; and Flint, L.E. 1996. Conceptualand NumericalModel of Infiltrationforthe
Yucca Mountain Area, Nevada Milestone 3GUI623M. Denver, Colorado: U.S. Geological Survey.
ACC: MOL.19970409.0087.
Flint, LE. 1998. Characterizationof Hydrogeologic Units UsingMatrix Properties,Yucca Mountain,
Nevada, Water-Resources Investigations Report 97-4243. Denver, Colorado: U.S. Geological Survey.
ACC: MOL.19980429.0512.
Flint, L.E. and Flint, A.L. 1995. Shallow InfiltrationProcessesat Yucca Mountain,Nevada-Neutron
Logging Data1984-93. Water-Resources Investigations Report 95-4035. Denver, Colorado:
U.S. Geological Survey. ACC: MOL.19960924.0577.
Flynn, T.; Buchanan, P.; Trexler, D.; Shevenell, L.; and Garside, L. 1996. GeothermalResource
Assessment of the Yucca Mountain Area, Nye County, Nevada BAOOOOOOO-03255-5705-00002 REV 0.
Las Vegas, Nevada: University and Community College System of Nevada. ACC: MOL.19960903.0027.
6-26

Yucca MountainScience andEngineeringReport
DOE/RW-0539 Rev. I
Forester, R.M.; Bradbury, LP.; Carter, C.; Elvidge-Tuma, A.B.; Hemphill, M.L.; Lundstrom, S.C.;
Mahan,
S.A.; Marshall, B.D.; Neymark, L.A.; Paces, J.B.; Sharpe, S.E.; Whelan, J.F.; and Wigand, P.E.
1999. The
ClimaticandHydrologic History ofSouthern Nevada Duringthe Late Quaternary.Open-File
Report
98-635. Denver, Colorado: U.S. Geological Survey. TIC: 245717.
Forsyth, PA. 1989. "A Control Volume Finite Element Method for Local Mesh Refinement." SPE
Symposium on Reservoir Simulation, Houston, Texas, February6-8, 1989. SPE 18415. Pages 85-96.
Richardson, Texas: Society of Petroleum Engineers. TIC: 247068.
Francis, N.D. 1997. 'The Base-Case Thermal Prop6rtes for TSPA-VA Modeling." Memorandum
from
N.D. Francis (SNL) to Distribution, April 16,1997. ACC: MOL.19980518.0229.
Freeze, GA.; Brodsky, N.S.; and Swift, P.N. 2001. The Development ofInformation Catalogued
in REVOO
of the YMP FEPDatabase.TDR-WIS-MD-000003 REV 00 ICN 01. Las Vegas, Nevada: Bechtel
SAIC
Company. ACC: MOL.20010301.0237.
French, D.E. 2000. HydrocarbonAssessment of the Yucca Mountain Vicinity, Nye County,Nevada.
*Open-File Report 2000-2. Reno, Nevada: Nevada Bureau of Mines and Geology.
ACC: MOL.20000609.0298.
Fridrich, C.J. 1999. "Tectonic Evolution of the Crater Flat Basin, Yucca Mountain Region, Nevada."
Chapter 7 of Cenozoic Basins ofthe Death Valley Region. Wright, L.A. and Troxel, B.W., eds.
Special
Paper 333. Boulder, Colorado: Geological Society of America. TIC: 248054.
Gdowski, QE. 1991. Survey ofDegraationModes of FourNickel-Chromiur-Molybdenum Alloys.
UCRL-ID-108330. Livermore, California: Lawrence Livermore National Laboratory.
ACC: NNA.19910521.0010.
Gdowski, GE. 1997. DegradationMode Survey CandidateThtanium-Base Alloys for Yucca Mountain
Project Waste PackageMaterials.UCRL-ID-121191, Rev. 1. Livermore, California: Lawrence Livermore
National Laboratory. ACC: MOL. 19980120.0053.
Geldon, A.L.; Umari, A.M.A.; Earle, LD.; Fahy, M.F.; Gemmell, J.M.; and Darnell, J. 1998. Analysis
ofa
Multiple-Well Interference Test in Miocene Tuffaceous Rocks atthe C-Hole Complex, May-June
1995,
Yucca Mountain,Nye County,Nevada Water-Resources Investigations Report 97-4166. Denver,
Colorado:
U.S. Geological Survey. TIC: 236724.
Geldon, A.L.; Umari, A.M.A.; Fahy, M.F.; Earle, J.D.; Gemmell, 3M.; and Darnell, J. 1997. Results
of
Hydraulicand Conservative Tracer Tests in Miocene Tuffaceous Rocks at the C-Hole Complex,
1995 to
1997, Yucca Mountain,Nye County,Nevada Milestone SP23PM3. Las Vegas, Nevada: U.S. Geological
Survey. ACC: MOL.19980122.0412.
Gelhar, L.W.; Welty, C.; and Rehfeldt, K.R. 1992. "A Critical Review of Data on Field-Scale Dispersion
in
Aquifers." Water Resources Research,28, (7), 1955-1974. Washington, D.C.: American Geophysical
Union. TIC: 235780.
Ginn, T.R. and Murphy, E.M. 1997. "A Transient Flux Model for Convective Infiltration: Forward
and
Inverse Solutions for Chloride Mass Balance Studies." Water Resources Research, 33, (9), 2065-2079.
Washington, D.C.: American Geophysical Union. TIC: 247422.

6-27

Yucca Mountain Science and EngineeringReport
DOE/RW-0539 Rev. I
Glass, R.J.; Nicholl, M.J.; and Tidwell, V.C. 1996. Challengingand Improving ConceptualModelsfor
Isothermal Flow in Unsaturate4FracturedRock Through Explorationof Small-Scale Processes.
SAND95-1824. Albuquerque, New Mexico: Sandia National Laboratories. ACC: MOL. 19970520.0082.
Glassley, WE. and Christenson, B.W. 1992. "Water-Rock Interaction in New Zealand Hydrothermal
Systems: Comparison of Some Simulated and Observed Geochemical Processes." High Level Radioactive
Waste Management,Proceedingsofthe ThirdInternationalConference, Las Vegas, Nevada, April 12-16,
1992. 1, 352-356. La Grange Park, Illinois: American Nuclear Society. TIC: 204231.
Goodman, R.E. and Shi, G-H. 1985. Block Theory andIts Application to Rock Engineering.Englewood
Cliffs, New Jersey: Prentice-Hail. TIC: 241514.
Griffith, GW. 2000. "Repository Surface Design Engineering Files Letter Report-MGR Solar Power
System (Revised)." Letter from (1W. Griffith (CRWMS M&O) to D. Kane (DOE/YMSCO) and K.
Skipper (DOEIYMSCO), November 17, 2000, LV.SFD.GWG11/00-074, with enclosure.
ACC: MOL.20001129.0164.
Guenther, RtJ.; Blahnik, D.E.; Campbell, T.K.; Jenquin, U.P.; Mendel, J.E.; Thomas, L.E.; and Thornhill,
CX. 1988. Characterizationof Spent FuelApproved Testing Material-ATM-i 03. PNL-5109-103.
Richiand, Washington: Pacific Northwest Laboratory. ACC: NNA.19911017.0104.
Guenther, R.J.; Blahn'k, D.E.; Campbell, TX.; Jenquin, U.P.; Mendel, J.E.; Thomas, L.E.; and Thornhill,
C.K. 1991. Characterizationof Spent Fuel Approved Testing Material-ATM-105. PNL-5109-105.
Richland, Washington: Pacific Northwest Laboratory. TIC: 203785.
Guenther, R.J.; Blahnik, D.E.; Campbell, TX.; Jenquin, U.P.; Mendel, J.E.; and Thornhill, C.K. 1988.
Characterizationof Spent FuelApproved Testing Material-ATM-106. PNL-5109-106. Richland,
Washington: Pacific Northwest Laboratory. ACC: NNA.19911017.0105.
Guenther, R.J.; Blahnik, D.E.; Jenquin, U.P.; Mendel, J.E.; Thomas, L.E.; and Thornhill, C.K. 1991.
Characterizationof Spent Fuel Approved Testing Material-ATM-1 04. PNL-5109-104. Richland,
Washington: Pacific Northwest Laboratory. TIC: 203846.
Hardin, E.L. 1998. Near-Field/Altered-ZoneModels Report. UCRL-ID-129179. Livermore, California:
Lawrence Livermore National Laboratory. ACC: MOL.19980630.0560.
Hardin, E.L.; Barton, N.; Lingle, D.; Board, M.; and Voegele, M. 1982. A HeatedFlatjack Test Series to
Measure the Thermomechanicaland TransportPropertiesof in Situ Rock Masses ("Heated Block Test ").
ONWI-260. Columbus, Ohio: Battelle Project Management Division, Office of Nuclear Waste Isolation.
TIC: 232093.
Hardin, E.L. and Chesnut, DA 1997. Synthesis Report on Thermally Driven Coupled Processes.
UCRL-ID-128495. Livermore, California: Lawrence Livermore National Laboratory. TIC: 234838.
Haschke, J.M.; Allen, T.H.; and Morales, L.A. 2000. "Reaction of Plutonium Dioxide with Water.
Formation and Properties of PuO2 x." Science, 287, 285-287. Washington, D.C: American Association for
the Advancement of Science. TIC: 248119.
6-28

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. I
Helton, J.C.; Anderson, D.R.; Jow, H.-N.; Marietta, M.G; and Basabilvazo, Q 1999. "Performance
Assessment in Support of the 1996 Compliance Certification Application for the Waste Isolation Pilot
Plant." Risk Analysis, 19, (5), 959-986. New York, New York: Plenum Press. TIC: 247081.
Helton, J.C.; Bean, J.E.; Berglund, J.W.; Davis, F.J.; Economy, K.; Garner, J.W.; Johnson, J.D.;
MacKinnon, R.J.; Miller, J.; O'Brien, D.G; Ramsey, J.L.; Schreiber, J.D.; Shinta, A.; Smith, L.N.;
Stoelzel, D.M.; Stockman, C.; and Vaughn, P. 1998. Uncertaintyand SensitivityAnalysis Results Obtained
in the 1996 PerformanceAssessment for the Waste IsolationPilot Plant.SAND98-0365. Albuquerque,
New Mexico: Sandia National Laboratories. TIC: 238277.
Hevesi, J.A.; Ambos, D.S.; and Flint, A.L. 1994. "A Preliminary Characterization of the Spatial Variability
of Precipitation at Yucca Mountain, Nevada." High Level Radioactive Waste Management,Proceedingsof
the Fifth Annual InternationalConference, Las Vegas, Nevada, May 22-26, 1994. 4, 2520-2529. La Grange
Park, Illinois: American Nuclear Society. TIC: 210984.
Hill, C.A.; Dublyansky, Y.V.; Harmon, R.S.; and Schluter, C.M. 1995. "Overview of Calcite/Opal Deposits
at or Near the Proposed High-Level Nuclear Waste Site, Yucca Mountain, Nevada, USA: Pedogenic,
Hypogene, or Both?" Environmental Geology, 26, 69-88. New York, New York: Springer-Verlag.
TIC: 222318.
Ho, C.K. 1997a. "Evaporation of Pendant Water Droplets in Fractures." Water Resources Research, 33,
(12), 2665-2671. Washington, D.C.: American Geophysical Union. TIC: 246969.
Ho, C.K. 199T7. "Models of Fracture-Matrix Interactions During Multiphase Heat and Mass Flow in
Unsaturated Fractured Porous Media." Proceedingsof the ASME FluidsEngineeringDivision,November
16-21, 1997, Dallas, Texas. FED-Vol. 244. Pages 401-412. New York, New York: American Society of
Mechanical Engineers. TIC: 241082.
Howard, C.L.; Finley, R.L.; Johnston, R.L.; Taylor, R.S.; George, J.T.; Lowry, WE.; and Mason, N.G.
2001. EngineeredBarrierSystem-Pilot Scale Test #3, HeatedDripShield Test Results.
TDR-EBS-SE-000001 REV 00. Las Vegas, Nevada: Bechtel SAIC Company.
ACC: MOL.20010529.0330.
IAEA (International Atomic Energy Agency) 1998. Waterside Corrosionof Zirconium Alloys in Nuclear
Power Plants.IAEA-TECDOC-996. Vienna, Austria: International Atomic Energy Agency. TIC: 248234.
Interagency Review Group on Nuclear Waste Management 1979. Report to the Presidentby the
Interagency Review Groupon Nuclear Waste Management.TID-29442. Washington, D.C.:
U.S. Department of Energy. ACC: MOL.19980625.0169.
Itkin, I. 2000. Request for a Study on Design and Operational Strategies for Repository Staging. Letter
from I. Itkin (DOE/OCRWM) to Dr. B. Alberts (National Research Council), October 19,2000.
ACC: MOL.20001101.0060.
Jackson, C.P.; Hoch, A.R.; and Todman, S. 2000. "Self-Consistency of a Heterogeneous Continuum
Porous Medium Representation of a Fractured Medium." Water Resources Research, 36, (1), 189-202.
Washington, D.C.: American Geophysical Union. TIC: 247466.

6-29

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1
Jarzemba, M.S.; LaPlante, P.A.; and Poor, LJ. 1997. ASHPLUME Version 1.,O-A Codefor Contaminated
Ash DispersalandDeposition, TechnicalDescriptionand User's Guide. CNWRA 97-004, Rev. 1. San
Antonio, Texas: Center for Nuclear Waste Regulatory Analyses. ACC: MOL.20010727.0162.
Kastenberg, W.E.; Peterson, P.F.; Ahn, L.; Burch, J.; Casher, G; Chambre, P.L.; Greenspan, E.; Olander,
D.R.; Vujic, J.L.; Bessinger, B.; Cook. N.GW.; Doyle, F.M.; and Hilbert, L.B., Jr. 1996. "Considerations of
Autocatalytic Criticality of Fissile Materials in Geologic Repositories." Nuclear Technology, 115, 298-308.
Hinsdale, Illinois: American Nuclear Society. TIC: 247504.
Kersting, A.B.; Efird, D.W.; Finnegan, D.L.; Rokop, DJ.; Smith, D.K.; and Thompson, J.L. 1999.
"Migration of Plutonium in Ground Water at the Nevada Test Site." Nature, 397, (6714), 56-59. London,
England. Macmillan Publishers. TIC: 243597.
Knauss, K.G 1987. "Zeolitization of Glassy Topopah Spring Tuff Under Hydrothermal Conditions."
Scientific Basisfor Nuclear Waste ManagementX, Symposium held December 1-4, 1986, Boston,
Massachusetts.Bates, .LK. and Seefeldt, W.B., eds. 84, 737-745. Pittsburgh, Pennsylvania: Materials
Research Society. TIC: 203663.
Knauss, K.Q and BeirigeM, W.B. 1984. Reporton Static HydrothermalAlterationStudies ofTopopah
Spring Tiff Wafers in J-13 Water at 150-C. UCRL-53576. Livermore, California: Lawrence Livermore
National Laboratory. ACC: HQS.19880517.2007.
Knauss, K.L; Beiriger, W.J.; and Peifer, D.W. 1987. HydrothermalInteractionof Solid Wafers of Topopah
Spring Tuff with J-13 Water at 90 and 1500C UsingDickson-Type, Gold-BagRocking Autoclaves:
Long-Term Experiments. UCRL-53722. Livermore, California: Lawrence Livermore National Laboratory.
ACC: NNA.19870713.0081.
Knauss, K.G; Delany, J.M.; Beiriger, W.L; and Peifer, D.W. 1985. "Hydrothermal Interaction of Topopah
Spring Tuff with J-13 Water as a function of Temperature." Scientific BasisforNuclear Waste
Management VIII, Symposium held November 26-29, 1984, Boston, Massachusetts.Jantzen, C.M.; Stone,
J.A.; and Ewing, R.C., eds. 44, 539-546. Pittsburgh, Pennsylvania: Materials Research Society.
TIC: 203665.
Knauss, K.G and Peifer, D.W. 1986. Reaction of Vitric Topopah SpringTuffandJ-13 GroundWater Under
HydrothermalConditions UsingDickson-73pe, Gold-Bag RockingAutoclaves. UCRL-53795. Livermore,
California: Lawrence Livermore National Laboratory. ACC: NNA.19891102.0117.
Knauss, K.G and Wolery, T.L 1988. "The Dissolution Kinetics of Quartz as a Function of pH and Time at
70 0C." Geochimicaet CosmochimicaActa, 52, (1), 43-53. New York, New York: Pergamon Press.
TIC: 203242.
Kneafsey, T.J. and Pruess, K. 1997. PreferentialFlow Paths and HeatPipes: Resultsfrom Laboratory
Experiments on Heat-DrivenFlow in Natural andArtificialRock Fractures.LBNL-40467. Berkeley,
California: Lawrence Berkeley National Laboratory. ACC: MOL.19971204.0415.
Kneafsey, T.J. and Pruess, K. 1998. "Laboratory Experiments on Heat-Driven Two-Phase Flows in Natural
and Artificial Rock Fractures." Water Resources Research, 34, (12), 3349-3367. Washington, D.C.:
American Geophysical Union. TIC: 247468.
6-30

Yucca Mountain Science and EngineeringReport
DOE/RW-0539 Rev. 1
Konikow, L.F. and Ewing, R.C. 1999. "Is a Probabilistic Performance Assessment Enough?" Ground
Water 37, (4), 481-482. Worthington, Ohio: Water Well Journal Publishing Company. TIC: 245627.
Kotra, J.P.; Lee, M.P.; Eisenberg, N.A.; and DeWispelare, A.R. 1996. Branch Technical Positionon the
Use of ExpertElicitationin the High-Level Radioactive Waste Program.NUREG- 1563. Washington, D.C.:
U.S. Nuclear Regulatory Commission. TIC: 226832.
Krumhansl, J.L. and Stockman, H.W. 1988. "Site Selection Criteria and Preliminary Results from the
Valles Caldera Natural Analog Study." Proceedingsof Workshop IVon Flow and TransportThrough
UnsaturatedFracturedRock-Related to High-Level Radioactive Waste Disposal,December 12-15, 1998,
Tucson, Arizona. Pages 249-276. Tucson, Arizona: University of Arizona. TIC: 247519.
Kwicklis, E.M. and Healy, R.W. 1993. "Numerical Investigation of Steady Liquid Water Flow in a
Variably Saturated Fracture Network." Water Resources Research, 29, (12), 4091-4102. Washington, D.C.:
American Geophysical Union. TIC: 226993.
The League of Women Voters 1993. The Nuclear Waste Primer.Revised Edition. Washington, D.C.:
League of Women Voters Education Fund. TIC: 210697.
LeCain, GD. 1997. Air-Injection Testing in Vertical Boreholes in Welded andNonwelded Tuff, Yucca
Mountain,Nevada Water-Resources Investigations Report 96-4262. Denver, Colorado: U.S. Geological
Survey. ACC: MOL.19980310.0148.
LeCain, GD. 1998. Resultsfrom Air-Injection andTracer Testing in the Upper Tha Canyon, Bow Ridge
Fault,and Upper PaintbrushContactAlcoves of the ExploratoryStudies Facility,August 1994 through
July 1996, Yucca Mountain, Nevada. Water-Resources Investigations Report 98-4058. Denver, Colorado:
U.S. Geological Survey. ACC: MOL.19980625.0344.
LeCain, GD.; Anna, LO.; and Fahy, M.F. 2000. Results from GeothermalLogging, Air and Core-Water
Chemistry Sampling,A ir-lnjectionTesting, and TracerTesting in the Northern Ghost Dance Fault, Yucca
Mountain, Nevada, November 1996 to August 1998. Water-Resources Investigations Report 99-4210.
Denver, Colorado: U.S. Geological Survey. TIC: 247708.
Lee, K.H. and Ueng, T-S. 1991. Air-Ifjection FieldTests to Determine the Effect of a Heat Cycle on the.
Permeabilityof Welded Tuff. UCRL-ID-105163. Livermore, California: Lawrence Livermore National
Laboratory. ACC: NNA.19910912.0001.
Leigh, C.D.; Thompson, B.M.; Campbell, JE.; Longsine, D.E.; Kennedy, R.A.; and Napier, B.A. 1993.
User's Guidefor GENII-S: A Codefor Statisticaland DeterministicSimulations of RadiationDoses to
Humansfrom Radionuclidesin the Environment.SAND91-0561. Albuquerque, New Mexico: Sandia
National Laboratories. ACC: MOL.20010721.0031.
Leslie, B.W. 1994. An Annotated Analysis of Logic in the 1992 Report, "The OriginandHistory of
Alteration and Carbonatizationof the Yucca Mountain Ignimbrites," by J.S. Szymanski. San Antonio,
Texas: Center for Nuclear Waste Regulatory Analyses. TIC: 247428.
Leverett, M.C. 194 1. "Capillary Behavior in Porous Solids." AIME Transactions,Petroleum Development
and Technology, Tulsa Meeting, October1940. 142, 152-169. New York, New York: American Institute of
Mining and Metallurgical Engineers. TIC: 240680.
6-31

Yucca Mountain Science and EngineeringReport
DOFJRW-0539 Rev. I
Levy, S.S. 1991. "Mineralogic Alteration History and Paleohydrology at Yucca Mountain, Nevada." High
Level Radioactive Waste Management,Proceedingsofthe Second Annual InternationalConference, Las
Vegas, Nevada, April 28-May 3, 1991. 1, 477-485. La Grange Park, Illinois: American Nuclear Society.
TIC: 204272.
Lichtner, P.C.; Keating, G; and Carey, B. 1999. A NaturalAnaloguefor Thermal-Hydrological-Chemical
Coupled Processesatthe ProposedNuclear Waste Repository at Yucca Mountain,Nevada. LA-13610-MS.
Los Alamos, New Mexico: Los Alamos National Laboratory. TIC: 246032.
Lide, D.R., ed. 1994. Handbook of Chemistry and Physics. 75th Edition. Boca Raton, Florida: CRC Press.
TIC: 102972.
Lippmann, MJ. and Bodvarsson, GS. 1985. "The Heber Geothermal Field, California. Natural State and
Exploitation Modeling Studies." JournalofGeophysical Research, 90, (B 1), 745-758. Washington, D.C.:
American Geophysical Union. TIC: 247477.
Liu, H.H.; Doughty, C.; and Bodvarsson, GS. 1998. "An Active Fracture Model for Unsaturated Flow and
Transport in Fractured Rocks." Water Resources Research, 34, (10), 2633-2646. Washington, D.C.:
American Geophysical Union. TIC: 243012.
Luckey, R.R.; Tucci, P.; Faunt, C.C.; Ervin, E.M.; Steinkampf, W.C.; D'Agnese, F.A.; and Patterson, GL.
1996. &atus of Understandingof the Saturated-ZoneGround-WaterFloi System at Yucca Mountain,
Nevada, as of 1995. Water-Resources Investigations Report 96-4077. Denver, Colorado: U.S. Geological
Survey. ACC: MOL.19970513.0209.
Luckner, L.; van Genuchten, M.T.; and Nielsen, D.R. 1989. "A Consistent Set of Parametric Models for
the Two-Phase Flow of Immiscible Fluids in the Subsurface." Water Resources Research, 25, (10),
2187-2193. Washington, D.C.: American Geophysical Union. TIC: 224845.
Ludwig, K.R.; Peterman, Z.E.; Simmons, K.R.; and Gutentag, E.D. 1993. "234U/238U as a Ground-Water
Tracer, SW Nevada-SE California." High Level Radioactive Waste Management, Proceedingsof the
FourthAnmnal InternationalConference, Las Vegas, Nevada, April 26-30, 1993. 2, 1567-1572. La Grange
Park, Illinois: American Nuclear Society. TIC: 208542.
Ludwig, K.R.; Simmons, K.R.; Szabo, B.J.; Winograd, I.J.; Landwehr, J.M.; Riggs, A.C.; and Hoffman,
RJ. 1992. "Mass-Spectrometric OTh-234U--23U Dating of the Devils Hole Calcite Vein." Science, 258,
284-287. Washington, D.C.: American Association for the Advancement of Science. TIC: 237796.
Maloszewski, P. and Zuber, A. 1985. "On the Theory of Tracer Experiments in Fissured Rocks with a
Porous Matrix." JournalofHydrology, 79, 333-358. Amsterdam, The Netherlands: Elsevier Science.
TIC: 222390.
Mansure, AJ. and Ortiz, T.S. 1984. PreliminaryEvaluationof the SubsurfaceArea Availablefor a
PotentialNuclear Waste Repository at Yucca Mountain. SAND84-0175. Albuquerque, New Mexico:
Sandia National Laboratories. ACC: NNA.19870407.0047.

6-32

I

E

M
Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1

Marshall, B.D.; Futa, K.; and Peterman, Z.E. 1998. "Hydrologic Inferences from Strontium Isotopes in
Port [Pore] Water from the Unsaturated Zone at Yucca Mountain, Nevada." Proceedingsof FTAM: Field
Testing andAssociatedModeling of PotentialHigh-Level Nuclear Waste Geologic DisposalSites,
Lawrence Berkeley NationalLaboratory,December 15-16, 199Z Bodvarsson, QS., ed. LBNL-42520.
Pages 55-56. Berkeley, California: Lawrence Berkeley National Laboratory. TIC: 243019.
Marshall, B.D.; Neymark, LA.; Paces, J.B.; Peterman, Z.E.; and Whelan, J.F. 2000. "Seepage Flux
Conceptualized from Secondary Calcite in Lithophysal Cavities in the Topopah Spring Tuff, Yucca
Mountain, Nevada." SME Annual Meeting, February28-March 1, 2000, Salt Lake City, Utah.
Preprint 00-12. Littleton, Colorado: Society for Mining, Metallurgy, and Exploration. TIC: 248608.
Marshall, B.D.; Stuckless, J.S.; Peterman, Z.E.; and Whelan, J.F. 1993. "Isotopic Studies of Cavity Filling
and Fracture Coating Minerals as an Aid to Understanding Paleohydrology, Yucca Mountain, Nevada,
USA." PaleohydrogeologicalMethods and TheirApplications, Proceedingsof an NEA Workshop, Paris,
France,9-10 November 1992. Pages 147-159. Paris, France: Organisation for Economic Co-operation and
Development TIC: 225213.
Marshall, B.D. and Whelan, J.F. 2000. "Isotope Geochemistry of Calcite Coatings and the Thermal History
of the Unsaturated Zone at Yucca Mountain, Nevada." Abstracts with Programs-GeologicalSociety of
America, 32, (7), A-259. Boulder, Colorado: Geological Society of America. TIC: 249113.
Marshall, B.D.; Whelan, J.F.; Peterman, Z.E.; Futa, K.; Mahan, S.A.; and Stuckless, J.S. 1992. "Isotopic
Studies of Fracture Coatings at Yucca Mountain, Nevada, USA." Water-Rock Interaction,Proceedingsof
the 7th InternationalSymposium on Water-Rock Interaction--WRI-7,ParkCity, Utah, 13-18 July, 1992.
Kharaka, Y.K. and Maest, A.S., eds. 1, 737-740. Brookfield, Vermont: A.A. Balkema. TIC: 208527.
Martin, R.J., III; Price, R.H.; Boyd, PJ.; and Noel, J.S. 1995. Creep in Topopah SpringMember Welded
Tuff. SAND94-2585. Albuquerque, New Mexico: Sandia National Laboratories.
ACC: MOL.19950502.0006.
Matyskiela, W. 1997. "Silica Redistribution and Hydrologic Changes in Heated Fractured Tuff." Geology,
25, (12), 1115-1118. Boulder, Colorado: Geological Society of America. TIC: 236809.
McCarthy, J.F. and Degueldre, C. 1993. "Sampling and Characterization of Colloids and Particles in
Groundwater for Studying Their Role in Contaminant Transport." Chapter 6 of Environmental Particles.
Buffle, J. and van Leeuwen, H.P., eds. Environmental Analytical and Physical Chemistry Series, Volume 2.
Boca Raton, Florida: Lewis Publishers. TIC: 245905.
McCarthy, J.F. and Zachara, J.M. 1989. "Subsurface Transport of Contaminants." Environmental Science
& Technology, 23, (5), 496-502. Easton, Pennsylvania: American Chemical Society. TIC: 224876.
McClure, I.A. and Alsaed, A.A. 2001. ExternalCriticalityRisk ofImmobilized Plutonium Waste Form in a
GeologicRepository.TDR-EBS-MD-000019 REV 00. Las Vegas, Nevada: Bechtel SAIC Company.
ACC: MOL.20010314.0001.
McConnell, K.I. and Lee, M.P. 1994. Staff Technical Positionon ConsiderationofFaultDisplacement
Hazards in GeologicRepository Designr NUREG-1494. Washington, D.C.: U.S. Nuclear Regulatory
Commission. TIC: 212360.

6-33

Yucca Mountain Science and EngineeringReport
DOEFRW-0539 Rev. 1
3 of
McCright, R.D. 1998. CorrosionDataandModeling Updatefor Viability Assessment. Volume
California
Livermore,
EngineeredMaterialsCharacterizationReport. UCRL-ID-1 19564, Rev. 1.1.
Lawrence Livermore National Laboratory. ACC: MOL.19981222.0137.
McKelvey, V. 1976. Major Assets and Liabilities of the Nevada Test Site as a High-Level Radioactive
with
Waste Repository. Letter from V. McKelvey (USGS) to R.W. Roberts (ERDA), July 9,1976,
Waste
Radioactive
High-Level
Potential
as
Site
Test
Nevada
of
enclosure, "Table 1. Assets and Liabilities
Repository." ACC: MOL. 19990119.0314.
Liquid- and
Mercer, J.W. and Faust, C.R. 1979. "Geothermal Reservoir Simulation: 3. Application of
Resources
Water
Zealand."
New
Vapor-Dominated Hydrothermal Modeling Techniques to Wairakel,
247493.
TIC:
Research, 15, (3), 653-671. Washington, D.C.: American Geophysical Union.
Middleman, S. 1995. Modeling Axisymmetric Flows, Dynamics of Films,Jets, and Drops. San
California: Academic Press. TIC: 246335.

Diego,

Mountain,
Monger, H.C. and Adams, H.P. 1996. "Micromorphology of Calcite-Silica Deposits, Yucca
Science
Soil
Nevada." Soil Science Society ofAmerica Journal,60, (2), 519-530. Madison, Wisconsin:
Society of America. TIC: 247738.
Montazer, P. and Wilson, W.E. 1984. ConceptualHydrologicModel of Flow in the UnsaturatedZone,
Yucca Mountain,Nevada. Water-Resources Investigations Report 84-4345. Lakewood, Colorado:
U.S. Geological Survey. ACC: NNA.19890327.0051.
the Science of
Moran, J.M.; Morgan, M.D.; and Pauley, P.M. 1997. Meteorology: The Atmosphere and
Weather.5th Edition. Upper Saddle River, New Jersey: Prentice HaIL TIC: 248773.
Morgan, M.G; Henrion, M.; and Small, M. 1990. "The Propagation and Analysis of Uncertainty."
Analysis.
Chapter 8 of Uncertainty,A Guide to Dealingwith Uncertainty in QuantitativeRisk and Policy
247867.
TIC:
New York, New York: Cambridge University Press.
Experiments."
Moridis, GJ. 1999. "Semianalytical Solutions for Parameter Estimation in Diffusion Cell
Union.
Geophysical
American
D.C.:
Water Resources Research,35, (6), 1729-1740. Washington,
TIC: 246266.
Yucca
Mowbray, QE. 1999. Transmittal of the Naval Nuclear Propulsion Program Addendum to the
Letter
Report."
Topical
Mountain Site Characterization Office "Disposal Criticality Analysis Methodology
from GE. Mowbray (Department of the Navy) to C.W. Reamer (NRC), October 29,1999.
ACC: MOL.20000316.0531.
Mowbray, G.E. 2000. Revised Source Term Data for Naval Spent Nuclear Fuel and Special Case Waste
Packages. Letter from G.E. Mowbray (Department of the Navy) to J.R. Dyer (DOE/YMSCO), September
6,2000, with attachments. ACC: MOL.20000911.0354.
ofthe
Moyer, T.C.; Geslin, J.K.; and Flint, L.E. 1996. StratigraphicRelations andHydrologic Properties
95-397.
Report
Open-File
Nevada.
PaintbrushTuff Nomvelded (PTn)Hydrologic Unit, Yucca Mountain,
Denver, Colorado: U.S. Geological Survey. ACC: MOL.19970204.0216.
16-34

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1
Munson, L.H.; Herrington, W.N.; Higby, D.P.; Kathren, R.L.; Merwin, S.E.; Stoetzel, GA.; and Vallario,
EJ. 1988. Health Physics Manualof Good Practicesfor Reducing RadiationExposure to Levels that are
as Low as ReasonablyAchievable (ALARA). PNL-6577. Richland, Washington: Pacific Northwest
Laboratory. TIC: 208630.
Murphy, W.M.; Pearcy, E.C.; Green, R.T.; Prikryl, J.D.; Mohanty, S.; Leslie, B.W.; and Nedungadi, A.
1998. "A Test of Long-Term, Predictive, Geochemical Transport Modeling at the Akrotiri Archaeological
Site." Journalof ContaminantHydrology, 29, 245-279. Amsterdam, The Netherlands: Elsevier Science.
TIC: 247211.
Naples, E.M. 1999. Thermal, Shielding, and Structural Information on the Naval Spent Nuclear Fuel
(SNF) Canister. Letter from E.M. Naples (Department of the Navy) to D.C. Haught (DOE/YMSCO),
August 6,1999, with enclosures. ACC: MOL.19991001.0133.
National Academy of Sciences Committee on Waste Disposal 1957. The Disposalof Radioactive Waste on
Land. Publication 519. Washington, D.C.: National Academy of Sciences, National Research Council.
TIC: 221455.
National Research Council 1990. Rethinking High-Level Radioactive Waste Disposal,A Position
Statement of the Boardon Radioactive Waste Management. Washington, D.C.: National Academy Press.
TIC: 205153.
National Research Council 1992. Ground Water at Yucca Mountain:How High CanIt Rise? FinalReport
of the Panelon Coupled HydrologIclTectonic/HydrothermalSystems at Yucca Mountain. Washington,
D.C.: National Academy Press. TIC: 204931.
National Research Council 1995. Technical Basesfor Yucca Mountain Standards. Washington, D.C.:
National Academy Press. TIC: 217588.
National Research Council 1996a. Nuclear Wastes, Technologiesfor Separationsand Transmutation.
Washington, D.C.: National Academy Press. TIC: 226607.
National Research Council 1996b. Rock Fracturesand FluidFlow, ContemporaryUnderstandingand
Applications. Washington, D.C.: National Academy Press. TIC: 235913.
Nativ, R.; Adar, E.; Dahan, 0.; and Geyh, M. 1995. "Water Recharge and Solute Transport Through the
Vadose Zone of Fractured Chalk Under Desert Conditions." Water Resources Research, 31, (2), 253-261.
Washington, D.C.: American Geophysical Union. TIC: 233563.
NEA (Nuclear Energy Agency) 1991. The InternationalProbabilisticSystem Assessment Group,
BackgroundandResults, 1990. Paris, France: Organisation for Economic Co-operation and Development,
Nuclear Energy Agency. TIC: 247480.
NEA 1995. The Environmentaland EthicalBasis of GeologicalDisposalofLong-Lived Radioactive
Wastes: A Collective Opinionof the Radioactive Waste Management Committee of the OECDNuclear
Energy Agency. Paris, France: Organisation for Economic Co-operation and Development, Nuclear Energy
Agency. TIC: 225862.

6-35

Yucca Mountain Science and EngineeringReport
DOE/RW-0539 Rev. 1

NEA 1999a. Confidence in the Long-Term Safety of Deep GeologicalRepositories,Its Development and
Communication.Paris, France: Organisation for Economic Co-operation and Development, Nuclear
Energy Agency. TIC: 243970.

NEA 1999b. An internationalDatabaseof Features,Events andProcesses.Paris, France: Organisation for
Economic Co-operation and Development, Nuclear Energy Agency. TIC: 248820.
Nelson, PH.; Rachiele, R.; Remer, J.S.; and Carlsson, H. 1981. Water Inflow into Boreholes Duringthe
Stripa HeaterExperiments. LBL-12574. Berkeley, California: Lawrence Berkeley National Laboratory.
TIC: 228851.
Neuman, S.P. 1990. "Universal Scaling of Hydraulic Conductivities and Dispersivities in Geologic
Media." Water Resources Research,26, (8), 1749-1758. Washington, D.C.: American Geophysical Union.
TIC: 237977.
Nevada Bureau of Mines and Geology 1997. The Neýada MineralIndustry 1996. Meeuwig, D., ed. Special
Publication MI-1996. Reno, Nevada: Nevada Bureau of Mines and Geology. TIC: 240403.
Neymark, L.A.; Amelin, Y.V.; Paces, J.B.; and Peterman, Z.E. 1998. "U-Pb Age Evidence for Long-Term
Stability of the Unsaturated Zone at Yucca Mountain." High-Level Radioactive Waste Management,
Proceedingsof the Eighth InternationalConference, Las Vegas, Nevada; May 11-14, 1998. Pages 85-87.
La Grange Park, Illinois: American Nuclear Society. TIC: 237082.
Neymark, L.A. and Paces, J.B. 2000. "Consequences of Slow Growth for O~Th/U Dating of Quaternary
Opals, Yucca Mountain, NV, USA." Chemical Geology, 164, 143-160. Amsterdam, The Netherlands:
Elsevier Science. TIC: 246316.
Nicholl, MJ4 Glass, RJ.; and Wheatcraft, S.W. 1994. "Gravity-Driven Infiltration Instability in Initially
Dry Nonhorizontal Fractures." Water Resources Research 30, (9), 2533-2546. Washington, D.C.:
American Geophysical Union. TIC: 243493.

Nimick, F.B. and Schwartz, B.M. 1987. Bulk, Thermal, and MechanicalPropertiesof the Topopah Spring
Member of the PaintbrushTuff, Yucca Mountain,Nevada SAND85-0762. Albuquerque, New Mexico:
Sandia National Laboratories. ACC: NNA. 19871013.0012.

Nitsche, H. 1991. "Solubility Studies of Transuranium Elements for Nuclear Waste Disposal: Principles
and Overview." RadiochimicaActa, 52/53, 3-8. Milnchen, Germany: R. Oldenbourg Verlag. TIC: 227027.
Nitsche, IL; Gatti, R.C.; Standifer, E.M.; Lee, S.C.; Mfiller, A.; Prussin, T.; Deinhammer, R.S.; Maurer, -L;
Becraft, K.; Leung, S.; and Carpenter, S.A. 1993. Measured Solubiities and Speciationsof Neptunium,
Plutonium, andAmericium in a Typical Groundwater(J-13)from the Yucca Mountain Region.
LA-12562-MS. Los Alamos, New Mexico: Los Alamos National Laboratory. ACC: NNA.19930507.0136.
NRC (U.S. Nuclear Regulatory Commission) 1987. StandardReview Planfor the Review of Safety
Analysis Reportsfor NuclearPowerPlants.NUREG-0800. LWR Edition. Washington, D.C.: U.S. Nuclear
Regulatory Commission. TIC: 203894.

NRC 1996. Human-System Interface Design Review Guideline. NUREG-0700, Rev. L Three volumes.
Washington, D.C.: U.S. Nuclear Regulatory Commission. TIC: 246624; 246668; 247803.
6-36

Yucca Mountain Science and EngineeringReport
DOE/RW-0539 Rev. I
NRC 1997. StandardReview Planfor Dry Cask Storage Systems. NUREG-1536. Washington, D.C.: U.S.
Nuclear Regulatory Commission. ACC: MOL.20010724.0307.
NRC 1999a. Issue Resolution Status Report Key Technical Issue: ContainerLife andSource Term. Rev. 2.
Washington, D.C.: U.S. Nuclear Regulatory Commission. TIC: 245538.
NRC 1999b. Issue Resolution Status ReportKey Technical Issue: Unsaturatedand SaturatedFlow Under
Isothermal Conditions.Rev. 2. Washington, D.C.: U.S. Nuclear Regulatory Commission. ACC:
MOL.19990810.0641.
NRC 2000a. StandardReview Planfor Spent FuelDry Storage Facilities.NUREG-1 567. Washington,
D.C.: U.S. Nuclear Regulatory Commission. TIC: 247929.
NRC 2000b. "ISG-1 1-Storage of High Burnup Spent Fuel." Interim Staff Guidance-I 1. Washington,
D.C.: U.S. Nuclear Regulatory Commission. Accessed March 21, 2000. TIC: 247227.
http://www.nrc.gov/OPA/reports/isgl I.htm
NRC 2000c. Issue Resolution Status Report Key Technical Issue: Total System PerformanceAssessment
and Integration.Rev. 3. Washington, D.C.: U.S. Nuclear Regulatory Commission. TIC: 249045.
NWTRB (Nuclear Waste Technical Review Board) 1998. Report to the U.S. Congress and the US.
Secretaryof Energy, November 199& Arlington, Vrginia: U.S. Nuclear Waste Technical Review Board.
ACC: MOV.19981201.0015.
NWTRB 1999a. Report to the U.S. Congressand the Secretaryof Energy,Januaryto December 1998.
Arlington, Virginia: U.S. Nuclear Waste Technical Review Board. ACC: HQO.19990706.0007.
NWTRB 1999b. Moving Beyond the Yucca Mountain ViabilityAssessment, A Report to the US. Congress
andthe Secretary ofEnergy. Arlington, Virginia: U.S. Nuclear Waste Technical Review Board.
TIC: 243860.
NWTRB 2000. Report to the U.S. Congress andthe SecretaryofEnergy,Januaryto December 1999.
Arlington, Virginia: U.S. Nuclear Waste Technical Review Board. TIC: 247806.
Olsson, W.A. and Brown, S.R. 1994. MechanicalPropertiesof Seven Fracturesfrom DriiholesNRG-4
andNRG-6 at Yucca Mountain, Nevada SAND94-1995. Albuquerque, New Mexico: Sandia National
Laboratories. ACC: MOL.19941007.0081.
0
Oversby, V.M. 1984a. Reactionof the TopopahSpring Tuffwith J-13 Water at 120 C. UCRL-53574.
Livermore, California: Lawrence Livermore National Laboratory. ACC: NNA.19890905.0227.
0
Oversby, V.M. 1984b. Reactionof the Topopah Spring Tuff with J-13 Well Water at 90°C and 150 C.
UCRL-53552. Livermore, California: Lawrence Livermore National Laboratory.
ACC: NNA.19890905.0226.

Oversby, V.M. 1985. The Reaction of Topopah Spring Twff with J-13 Water at 150OC-Samplesfrom Drill
Cores USW G-1, USW GU-3, USW G-4, and UE-25h#I. UCRL-53629. Livermore, California: Lawrence
Livermore National Laboratory. ACC: NNA.19890905.0229.
6-37

Yucca MountainScience and EngineeringReport
DOE/RW-0539 Rev. 1
Paces, J.B.; Ludwig, K.R.; Peterman, Z.E.; Neymark, L.A.; and Kenneally, J.M. 1998. "Anomalous
Ground-Water 24U/P3U Beneath Yucca Mountain: Evidence of Local Recharge?" High-Level Radioactive
Waste Management,Proceedingsof the Eighth InternationalConference, Las Vegas, Nevada, May 11-14,
1998. Pages 185-188. La Grange Park, Illinois: American Nuclear Society. TIC: 237082.
Paces, J.B.; Mahan, SA.; Ludwig, K.R.; Kwak, L.M.; Neymark, L.A.; Simmons, K.R.; Nealey, L.D.;
Marshall, B.D.; and Walker, A. 1995. ProgressReport on DatingQuaternarySurficialDeposits.Milestone
3GCH510M. Final Draft. Denver, Colorado: U.S. Geological Survey. ACC: MOL.19960611.0220.
Paces, J.B.; Neymark, LA.; Marshall, B.D.; Whelan, J.F.; and Peterman, ZI. 1996. LetterReport: Ages
andOrigins of Subsurface SecondaryMinerals in the ExploratoryStudies Facility (ESF). Milestone
3GQH450M, Results of Sampling and Age Determination. Las Vegas, Nevada- U.S. Geological Survey.
ACC: MOL.19970324.0052.
Paces, J.B.; Neymark, LA.; Marshall, B.D.; Whelan, J.F.; and Peterman, Z.E. 1998. "Inferences for Yucca
Mountain Unsaturated-Zone Hydrology from Secondary Minerals." High-Level Radioactive Waste
Management, Proceedingsof the Eighth InternationalConference, Las Vegas, Nevada, May 11-14, 1998.
Pages 36-39. La Grange Park, Illinois: American Nuclear Society. TIC: 237082.
Paces, J.B.; Neymark, LA.; Persing, H.M.; and Wooden, J.L. 2000. "Demonstrating Slow Growth Rates in
Opal from Yucca Mountain, Nevada, Using Microdigestion and Ion-Probe Uranium-Series Dating."
Abstracts with Programs-GeologicalSociety ofAmerica"32, (7), A-259. Boulder, Colorado: Geological
Society of America. TIC: 249113.
Paces, J.B. and Whelan, J.F. 2001. "Water-Table Fluctuations in the Amargosa Desert, Nye County,
Nevada." "Back to the Future-Managingthe Back End of the Nuclear Fuel Cycle to Createa More
Secure Energ Future," Proceedingsof the 9th InternationalHigh-Level Radioactive Waste Management
Conference (IHLRWM), Las Vegas, Nevada, April 29-May 3, 2001. La Grange Park, Illinois: American
Nuclear Society. TIC: 247873.
Paces, J.B.; Whelan, J.F.; Peterman, ZE.; Marshall, B.D.; andNeymark,.L.A. 2000. "Formation of Calcite
and Silica from Percolation in a Hydrologically Unsaturated Setting, Yucca Mountain, Nevada." Abstracts
with Programs-GeologicalSociety ofAmerica, 32, (7), A-259. Boulder, Colorado: Geological Society of
America. TIC: 249113.
Paperiello, C.J. 1995. "Review of Potential for Underground Autocatalytic Criticality." Letter from C.J.
Paperiello (NRC) to L. Barrett (DOE/OCRWM), August 7,1995, with enclosure.
ACC: HQO.19950912.0002.
Paperiello, C.J. 1999. 'U.S. Nuclear Regulatory Commission Staff Review of the U.S. Department of
Energy Viability Assessment for a High-Level Radioactive Waste Repository at Yucca Mountain,
Nevada." Letter from CJ. Paperiello (NRC) to L.H. Barrett (DOE), June 2, 1999, with enclosures, "U.S.
Nuclear Regulatory Commission's Staff Evaluation of U.S. Department of Energy's Viability Assessment"
and Letter from B.J. Garrick (NRC Advisory Committee on Nuclear Waste) to S.A. Jackson (NRC), dated
April 8, 1999. ACC: HQO.19990811.0007; HQO.19990811.0008.
Parks, C.V. 1992. "Overview of ORIGEN2 and ORIGEN-S: Capabilities and Limitations." High Level
Radioactive Waste Management,Proceedingsof the ThrdInternationalConference, Las Vegas, Nevada,
April 12-16, 1992. 1, 57-64. La Grange Park, Illinois: American Nuclear Society. TIC: 204231.
6-38

Yucca Mountain Science and EngineeringReport
DOE/RW-0539 Rev. 1
Parrington, J.R.; Knox, H.D.; Breneman, S.L.; Baum, E.M.; and Feiner, F. 1996. Nuclides andIsotopes,
Chart ofthe Nuclides. 15th Edition. San Jose, California: General Electric Company and KAPL, Inc.
TIC: 233705.
Peterman, Z.E. and Stuckless, J.S. 1993. "Isotopic Evidence of Complex Ground-Water Flow at Yucca
Mountain, Nevada, USA." HighLevel Radioactive Waste Management,Proceedingsof the FourthAnnual
InternationalConference, Las Vegas, Nevada, April 26-30, 1993. 2, 1559-1566. La Grange Park, Illinois:
American Nuclear Society. TIC: 208542.
Peters, R.R.; Klavetter, E.A.; Hall, I.L.; Blair, S.C.; Heller, P.R.; and Gee, GW. 1984. FractureandMatrix
HydrologicCharacteristicsof Tuffaceous Materialsfrom Yucca Mountain,Nye County, Nevada.
SAND84-1471. Albuquerque, New Mexico: Sandia National Laboratories. ACC: NNA.19900810.0674.
Philip, J.R.; Knight, J.H.; and Waechter, R.T. 1989. "Unsaturated Seepage and Subterranean Holes:
Conspectus, and Exclusion Problem for Circular Cylindrical Cavities." Water Resources Research,25, (1),
16-28. Washington, D.C.: American Geophysical Union. TIC: 239117.
Potter, C.J.; Dickerson, R.P.; and Day, W.C. 1999. Nature andContinuity of the Sundance Fault.Open-File
Report 98-266. Denver, Colorado: U.S. Geological Survey. TIC: 246609.
Powers, D.W.; Rudnicki, J.W.; and Smith, L. 1991. ExternalReview PanelMajority Report, A Review of
"ConceptualConsiderationsof the Yucca Mountain GroundwaterSystem with Special Emphasis on the
Adequacy ofthis System to Accommodate a High-Level Nuclear Waste Repository" datedJuly 26,1989 by
Jerry S. Szymanski. Washington, D.C.: U.S. Department of Energy. ACC: NNA.19911210.0056.
Pruess, K. 1987. TOUGH User k Guide. NUREG/CR-4645. Washington, D.C.: U.S. Nuclear Regulatory
Commission. TIC: 217275.
Pruess, K. 1991. TOUGH2-A General-PurposeNumericalSimulatorfor Multiphase Fluidand Heat
Flow. LBL-29400. Berkeley, California: Lawrence Berkeley Laboratory. ACC: NNA.19940202.0088.
Pruess, K. 1997. "On Vaporizing Water Flow in Hot Sub-Vertical Rock Fractures." Transportin Porous
Media, 28, (3), 335-372. Boston, Massachusetts: Kluwer Academic Publishers. TIC: 238922.
Pruess, K.; Tsang, Y.W.; and Wang, J.S.Y. 1984. Numerical Studies of FluidandHeatFlow Near
High-Level Nuclear Waste PackagesEmplaced in PartiallySaturatedFracturedTuff LBL-18552.
Berkeley, California: Lawrence Berkeley Laboratory. TIC: 211033.
Pruess, K.; Wang, J.S.Y.; and Tsang, Y.W. 1990. "On Thermohydrologic Conditions Near High-Level
Nuclear Wastes Emplaced in Partially Saturated Fractured Tuffs: 1. Simulation Studies with Explicit
Consideration of Fracture Effects." Water Resources Research, 26, (6), 1235-1248. Washington, D.C.:
American Geophysical Union. TIC: 221923.
Quade, J.; Mufflin, M.D.; Pratt, W.L.; McCoy, W.; and Burckle, L. 1995. "Fossil Spring Deposits in the
Southern Great Basin and Their Implications for Changes in Water-Table Levels Near Yucca Mountain,
Nevada, During Quaternary Time." GeologicalSociety ofAmerica Bulletin, 107, (2), 213-230. Boulder,
Colorado: Geological Society of America. TIC: 234256.

6-39

Yucca MountainScience and EngineeringReport
DOE/RW-0539 Rev. 1
Quiring, R.F. 1968. ClimatologicalDataNevada Test Site andNuclearRocket Development Station. ESSA
Research Laboratories Technical Memorandum-ARL 7. Las Vegas, Nevada: U.S. Department of
Commerce, Environmental Science Services Administration Research Laboratories.
ACC: NNA.19870406.0047.
Ramirez, A.L.; Carlson, R.C.; and Buscheck, T.A. 1991. In Situ Changes in the Moisture Content of
Heated Welded Tuff Basedon ThermalNeutron Measurements.UCRL-ID-104715. Livermore, California:
Lawrence Livermore National Laboratory. ACC: NNA. 19910701.0097.
Ramsdell, J.V. and Andrews, G.L. 1986. Tornado Climatology of the Contiguous UnitedStates.
NUREG/CR-4461. Washington, D.C.: U.S. Nuclear Regulatory Commission. ACC:
MOL.20010727.0159.
Reamer, C.W. 1999. "Issue Resolution Status Report (Key Technical Issue: Igneous Activity, Revision 2)."
Letter from C.W. Reamer (NRC) to S. Brocoum (DOEYMSCO), July 16,1999, with enclosure.
ACC: MOL.19990810.0639.
Reamer, C.W. 2000. "Safety Evaluation Report for Disposal Criticality Analysis Methodology Topical
Report, Revision 0." Letter from C.W. Reamer (NRC) to SJ. Brocoum (DOE/YMSCO), June 26, 2000,
with enclosure. ACC: MOL.20000919.0157.
Rechard, RJP 1999. "Historical Relationship Between Performance Assessment for Radioactive Waste
Disposal and Other Types of Risk Assessment." RiskAnalysls, 19, (5), 763-807. New York, New York:
Plenum Press. TIC: 246972.
Reed, M.H. 1982. "Calculation of Multicomponent Chemical Equilibria and Reaction Processes in
Systems Involving Minerals, Gases and an Aqueous Phase." Geochimica et Cosmochimica Acta, 46. (4),
513-528. New York, New York: Pergamon Press. TIC: 224159.
Reimus, P.W.; Adams, A.; Haga, M.J.; Humphrey, A.! Callahan, T.; Anghel, 1.; and Counce, D. 1999.
Results andInterpretationofHydraulicand Tracer Testing in the ProwPass Tuff at the C-Holes. Milestone
SP32E7M4. Los Alamos, New Mexico: Los Alamos National Laboratory. TIC: 246377.
Richards, LA. 1931. "Capillary Conduction of Liquids Through Porous Media." Physics, 1, 318-333. New
York, New York. American Physical Society. TIC: 225383.
Rimstidt, J.D. and Barnes, H.L. 1980. "The Kinetics of Silica-Water Reactions." Geochimica et
CosmochimicaActA, 44, 1683-1699. New York, New York: Pergamon Press. TIC: 219975.
Rojstaczer, S. 1998. Review of "Geohydrological Models and Earthquake Effects at Yucca Mountain,
Nevada" and "Analysis of High-Pressure Fluid Flow in Fractures with Application to Yucca Mountain,
Nevada, Slug Test Data" by Davies and Archambeau. Letter from S. Rojstaczer (Duke University) to L.
Reiter (NWTRB), June 15, 1998, with enclosures. ACC: MOL.19980821.0228.
Rojstaczer, S. 1999. "Stress Dependent Permeability and Its Political Consequences at Yucca Mountain."
Eos, Transactions(Supplement), 80, (17), S4. Washington, D.C.: American Geophysical Union.
TIC: 246513.

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1
Rojstaczer, S. and Wolf, S. 1992. "Permeability Changes Associated with Large Earthquakes: An Example
from Loma Prieta, California." Geology, 20, (3), 211-214. Boulder, Colorado: Geological Society of
America. TIC: 243627.
Roseboom, EM-., Jr. 1983. DisposalofHigh-Level Nuclear Waste Above the Water Table in Arid Regions.
Geological Survey Circular 903. Denver, Colorado: U.S. Geological Survey. TIC: 216597.
Ross, B. 1987. A FirstSurvey ofDisruptionScenariosfor a High-Level-Waste Repository at Yucca
Mountain, Nevada. SAND85-7117. Albuquerque, New Mexico: Sandia National Laboratories.
ACC: MOL.19991116.0414.
Rousseau, J.P.; Kwicklis, E.M.; and Gillies, D.C., eds. 1999. Hydrogeology ofthe UnsaturatedZone, North
Ramp Area of the ExploratoryStudies Facility,Yucca Mountain, Nevada Water-Resources Investigations
Report 98-4050. Denver, Colorado: U.S. Geological Survey. ACC: MOL.19990419.0335.
Rousseau, J.P.; Loskot, C.L.; Thamir, F.; and Lu, N. 1997. Results of Borehole Monitoringin the
UnsaturatedZone Within the Main DriftArea of the ExploratoryStudies Facility,Yucca Mountain,
Nevada Milestone SPH22M3. Denver, Colorado: U.S. Geological Survey. ACC: MOL.19970626.0351.
Russell, C.E.; Hess, J.W.; and Tyler, S.W. 1987. "Hydrogeologic Investigations of Flow in Fractured Tuffs,
Rainier Mesa, Nevada Test Site." Flow and TransportThrough UnsaturatedFracturedRock, Evans, D.D.
and Nicholson, TJ., eds. AGU Geophysical Monograph 42. Pages 43-50. Washington, D.C.: American
Geophysical Union. TIC: 247649.
Sammel, E.A.; Ingebritsen, S.E.; and Mariner, R.H. 1988. "The Hydrothermal System at Newberry
Volcano, Oregon." Journalof GeophysicalResearch. 93, (B9), 10149-10162. Washington, D.C.: American
Geophysical Union. TIC: 247523.
Savino, J.M.; Smith, K.D.; Biasi, G; Sullivan, T.; and Cline, M. 1999. "Earthquake Ground Motion Effects
on Underground Structures/Tunnels." Eos, Transactions(Supplement), 80, (17), S10. Washington, D.C.:
American Geophysical Union. TIC: 247757.
Sawyer, D.A.; Fleck, R..; Lanphere, M.A.; Warren, R.G; Broxton, D.E.; and Hudson, M.R. 1994.
"Episodic Caldera Volcanism in the Miocene Southwestern Nevada Volcanic Field: Revised Stratigraphic
Framework, 4°Ar/39Ar Geochronology, and Implications for Magmatism and Extension." Geological
Society ofAmerica Bulletin, 106, (10), 1304-1318. Boulder, Colorado: Geological Society of America.
TIC: 222523.
Scott, R.B. and Bonk, . 1984. PreliminaryGeologicMap of Yucca Mountain,Nye County, Nevada, with
GeologicSections. Open-File Report 84-494. Denver, Colorado: U.S. Geological Survey. ACC:
HQS.19880517.1443.
Sharp, J.M., Jr.; Kreisel, I.; Milliken, K.L.; Mace, R.E.; and Robinson, N.I. 1996. "Fracture Skin Properties
and Effects on Solute Transport: Geotechnical and Environmental Implications." Rock Mechanics, Tools
and Techniques, Proceedingsof the 2nd North American Rock Mechanics Symposium, NARMS '96, A
Regional Conference of ISRM, Montreal,Quebec, Canada,19-21 June 1996. Aubertin, M.; Hassani, F.;
and Mitri, H., eds. 2, 1329-1335. Brookfield, Vermont: A.A. Balkema. TIC: 239941.

6-41

Yucca Mountain Science and EngineeringReport
DOE/RW-0539 Rev. I
Simmons, A.M. and Bodvarsson, GS. 1997. Building Confidence in Thermohydrologic Models of Yucca
Mountain UsingGeothermalAnalogues. Milestone SPLE1M4. Berkeley, California: Lawrence Berkeley
National Laboratory. ACC: MOL.19970710.0328.
Simonds, F.W.; Whitney, J.W.; Fox, K.F.; Ramelli, A.R.; Yount, J.C.; Cart, M.D.; Menges, C.M.;
Dickerson, R.P.; and Scott, R.B. 1995. Map Showing FaultActivity in the Yucca Mountain Area, Nye
County, Nevada Miscellaneous Investigations Series Map 1-2520. Denver, Colorado: U.S. Geological
Survey. TIC: 232483.
Slider, H.C. 1976. PracticalPetroleumReservoir EngineeringMethods, An Energy ConservationScience.
Tulsa, Oklahoma: Petroleum Publishing Company. TIC: 247798.
Smellie, J. 1995. "The Fossil Nuclear Reactors of Oklo, Gabon." Radwaste Magazine, 2, (2), 18-20,22-27.
La Grange Park, Illinois: American Nuclear Society. TIC: 238322.
SNL (Sandia National Laboratories) 1987. Site CharacterizationPlan Conceptual Design Report.
SAND84-2641. Six volumes. Albuquerque, New Mexico: Sandia National Laboratories. ACC:
NN 1.19880902.0014; NNI.19880902.0015; NNI.19880902.0016; NNI.19880902.0017;
NNI.19880902.0018; NNI .19880902.0019.
SNL 1996. Thermal Propertiesof Test Specimensfrom the Single HeaterTest Area in the Thermal Testing
Facilityat Yucca Mountain,Nevada. Albuquerque, New Mexico: Sandia National Laboratories. ACC:
MOL.19961029.0115.
SNL 1998. Drift Scale Test StatusReport #1: Evaluationand ComparativeAnalysis ofthe Drift Scale Test
Thermal and ThermomechanicalData (Results of 12/3/1997 through 5/31/1998). Albuquerque, New
Mexico: Sandia National Laboratories. ACC: MOL.19980908.0435.
Sonnenthal, E.L. and Bodvarsson, GS. 1999. "Constraints on the Hydrology of the Unsaturated Zone at
Yucca Mountain, NV fro mThree-Dimensional Models of Chloride and Strontium Geochemistry." Journal
of ContaminantHydrology, 38, (1-3), 107-156. New York, New York: Elsevier Science. TIC: 244160.
Spaulding, W.G. 1985. Vegetation and Climates of the Last 45,000 Years in the ficinity of the Nevada Test
Site, South-CentralNevada.Professional Paper 1329. Washington, D.C.: U.S. Geological Survey.
TIC: 203210.
Spengler, R.W.; Braun, CA.; Martin, L.G; and Weisenberg, C.W. 1994. The Sundance Fault:A Newly
Recognized ShearZone at Yucca Mountain,Nevada. Open-File Report 94-49. Denver, Colorado: U.S.
Geological Survey. ACC: NNA.19940128.0119.
Steefel, C.I. and Lasaga, A.C. 1994. "A Coupled Model for Transport of Multiple Chemical Species and
Kinetic Precipitation/Dissolution Reactions with Application to Reactive Flow in Single Phase
Hydrothermal Systems."American Journalof Science, 294, (5), 529-592. New Haven, Connecticut: Kline
Geology Laboratory, Yale University. TIC: 235372.
Steefel, C.I. and Lichtner, P.C. 1998. "Multicomponent Reactive Transport in Discrete Fractures:
I. Controls on Reaction Front Geometry." Journal ofHydrology, 209, 186-199. New York, New York:
Elsevier Science. TIC: 247524.
6-42

Yucca MountainScience andEngineeringReport
DOE/RW-0539 Rev. I
Stephans, R.A. and Talso, W.W. 1997. System Safety Analysis Handbook 2nd Edition. Albuquerque, New
Mexico: System Safety Society. TIC: 236411.
Stewart, A. 1997. "Risk Estimation for Badge-Monitored Radiation Workers." EnvironmentalHealth
Perspectives,105, (Supplement 6), 1603-1606. Research Triangle Park, North Carolina: National Institute
of Environmental Health Sciences. TIC: 248399.
Stockman, H.; Krumhansl, J.; Ho, C.; and McConnell, V. 1994. The Valles NaturalAnalogue Project.
NUREG/CR-6221. Washington, D.C.: U.S. Nuclear Regulatory Commission. TIC: 246123.
Stroupe, E.P. 2000. "Approach to Implementing the Site Recommendation Design Baseline." Interoffice
correspondence from E.P. Stroupe (CRWMS M&O) to D.R. Wilkins, January 26,2000,
LV.RSO.EPS. 1/00-004, with attachment. ACC: MOL.20000214.0480.
Stuckless, .S. 2000. ArchaeologicalAnaloguesforAssessing the Long-Term Performanceof a Mined
GeologicRepositoryfor High-Level Radioactive Waste. Open-File Report 00-181. Denver, Colorado: U.S.
Geological Survey. ACC: MOL.20000822.0366.
Stuckless, J.S.; Marshall, B.D.; Vaniman, D.T.; Dudley, W.W.; Peterman, Z.E.; Paces, J.B.; Whelan, J.F.;
Taylor, E.M.; Forester, R.M.; and O'Leary, D.W. 1998. "Comments on 'Overview of Calcite/Opal
Deposits at or Near the Proposed High-Level Nuclear Waste Site, Yucca Mountain, Nevada, USA:
Pedogenic, Hypogene, or Both' by C.A. Hill, Y.V. Dublansky, R.S. Harmon, and C.M. Schluter."
EnvironmentalGeology, 34, (1), 70-78. New York, New York: Springer-Verlag. TIC: 238097.
Stuckless, J.S.; Peterman, Z.E.; Forester, R.M.; Whelan, J.F.; Vaniman, D.T.; Marshall, B.D.; and Taylor,
E.M. 1992. "Characterization of Fault-Filling Deposits in the Vicinity of Yucca Mountain, Nevada." Waste
Management '92, "Working Towards a CleanerEnvironment," Proceedingsof the Symposium on Waste
Management at Tucson, Arizona, March 1-5, 1992. Post, R.Q, ed. 1, 929-935. Tucson, Arizona: University
of Arizona. TIC: 205094.
Sudicky, E.A. and Frind, E.O. 1981. "Carbon 14 Dating of Groundwater in Confined Aquifers:
Implications of Aquitard Diffusion." Water Resources Research, 17, (4), 1060-1064. Washington, D.C.:
American Geophysical Union. TIC: 247712.
Suzuki, T. 1983. "A Theoretical Model for Dispersion of Tephra." Arc Volcanism: Physicsand Tectonics,
Proceedingsof a 1981 IAVCEl Symposium, August-September, 1981, Tokyo and Hakone. Shimozuru, D.
and Yokoyama, I., eds. Pages 95-113. Tokyo, Japan: Terra Scientific Publishing Company. TIC: 238307.
Sweetkind, D.S.; Barr, D.L.; Polacsek, D.K.; and Anna, L.O. 1997. Administrative Report: Integrated
FractureDatain SupportofProcess Models, Yucca Mountain,Nevada Milestone SPG32M3. Las Vegas,
Nevada: U.S. Geological Survey. ACC: MOL.19971017.0726.
Szymanski, J.S. 1987. Conceptual Considerationsof the Death Valley GroundwaterSystem with Special
Emphasis on the Adequacy of this System to Accommodate the High-Level Nuclear Waste Repository.
DrafL Las Vegas, Nevada: U.S. Department of Energy, Nevada Operations Office.
ACC: NN1.19881122.0086.
6-43

Yucca Mountain Science and EngineeringReport
DOE/KW-0539 Rev. 1
Szymanski, J.S. 1989. Conceptual Considerationsof the Yucca Mountain GroundwaterSystem with
Special Emphasis on the Adequacy of This System to Accommodate a High-Level Nuclear Waste*
Repository. Three volumes. Las Vegas, Nevada: U.S. Department of Energy, Nevada Operations Office.
ACC: NNA.19890831.0152.
Taylor, E.M. and Huckins, HE. 1986. "Carbonate and Opaline Silica Fault-Filling on the Bow Ridge Fault,
Yucca Mountain, Nevada-Deposition from Pedogenic Processes or Upwelling Ground Water?" Abstracts
with Programs-GeologicalSociety ofAmerica, 18, (5), 418. Boulder, Colorado: Geological Society of
America. TIC: 217522.
Taylor, E.M. and Huckins, H.E. 1995. Lithology, FaultDisplacement,and Originof Secondary Calcium
CarbonateandOpaline Silicaat Trenches 14 and 14D on the Bow Ridge Fault at Exile Hill, Nye County,
Nevada. Open-File Report 93-477. Denver, Colorado: U.S. Geological Survey.
ACC: MOL.19940906.0001.
Thoma, S.G; Gallegos, D.P.; and Smith, D.M. 1992. "Impact of Fracture Coatings on Fracture/Matrix
Flow Interactions in Unsaturated, Porous Media." Water Resources Research, 28, (5), 1357-1367.
Washington, D.C.: American Geophysical Union. TIC: 237509.
Thompson, B.GJ. 1999. "The Role of Performance Assessment in the Regulation of Underground
Disposal of Radioactive Wastes: An International Perspective." RiskAnalysis, 19, (5), 809-846. New York,
New York: Plenum Press. TIC: 247145.
Thordarson, W. 1965. PerchedGround Water in Zeolitized-Bedded Tuff, RainierMesa and Vicinity,
Nevada Test Site, Nevada. TEI-862. Washington, D.C.: U.S. Geological Survey.
ACC: NN1.19881021.0066.
Tombacz, E.; Abraham, I.; Gilde, M.; and Szanto, F. 1990. "The pH-Dependent Colloidal Stability of
Aqueous Montmorillonite Suspensions." Colloids andSurfaces, 49, 71-80. Amsterdam, The Netherlands:
Elsevier Science. TIC: 246046.
in
Tompson, A.F.B. and Gelhar, L.W. 1990. "Numerical Simulation of Solute Transport
(10),
Three-Dimensional, Randomly Heterogeneous Porous Media." Water Resources Research,26,
2541-2562. Washington, D.C.: American Geophysical Union. TIC: 224902.
Trewartha, CIT. and Horn, L.H. 1980. An Introduction to Climate. 5th Edition. New York, New York:
McGraw-Hill. Readily available.
Triay, ILR.; Degueldre, C.; Wistrom, A.O.; Cotter, C.R.; and Lemons, W.W. 1996. ProgressReport on
Colloid-FacilitatedTransportat Yucca Mountain. LA-12959-MS. Los Alamos, New Mexico: Los Alamos
National Laboratory. TIC: 225473.
1997.
Triay, I.R.; Meijer, A.; Conca, JiL.; Kung, K.S.; Rundberg, R.S.; Strietelmeier, BA.; and Tait, C.D.
Summary andSynthesis Report on RadionuclideRetardationfor the Yucca MountainSite Characterization
Project.Eckhardt, R.C., ed. LA-1 3262-MS. Los Alamos, New Mexico: Los Alamos National Laboratory.
'ACC: MOL.19971210.0177.
for Productivityand
Troeh, F.R.; Hobbs, J.A.; and Donahue, R.L, 1980. Soi and Water Conservation
246612.
TIC:
Prentice-Hall.
Jersey:
EnvironmentalProtectiom Englewood Cliffs, New
6-44

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1
Tsang, Y.W. and Birkholzer, J.T. 1999. "Predictions and Observations of the Thermal-Hydrological
Conditions in the Single Heater Test." Journalof ContaminantHydrology, 38, (1-3), 385-425. New York,
New York: Elsevier Science. TIC: 244160.
Tucci, P. and Burkhardt, DJ. 1995. Potentioaetric-SurfaceMap, 1993, Yucca Mountainand ficinity,
Nevada. Water-Resources Investigations Report 95-4149. Denver, Colorado: U.S. Geological Survey.
ACC: MOL.19960924.0517.

Turcotte, D.L. and Schubert, G 1982. Geodynamics,Applications of Continuum Physics to Geological
Problems.New York, New York: John Wiley & Sons. TIC: 235924.
USGS (U.S. Geological Survey) 2000a. FutureClimateAnalysis. ANL-NBS-GS-000008 REV 00. Denver,
Colorado: U.S. Geological Survey. ACC: MOL.20000629.0907.
USGS 2000b. Simulation of Net Infiltrationfor Modern and PotentialFuture Climates.
ANL-NBS-HS-000032 REV 00. Denver, Colorado: U.S. Geological Survey. ACC: MOL.20000801.0004.
USGS 2000c. Water-Level DataAnalysis for the SaturatedZone Site-Scale Flow and TransportModel.
ANL-NBS-HS-000034 REV 00. Denver, Colorado: U.S. Geological Survey. ACC: MOL.20000830.0340.
USGS 2000d. HydrogeologicFrameworkModelfor the Saturated-ZoneSite-Scale Flow and Transport
ModeL ANL-NBS-HS-000033 REV 00. Denver, Colorado: U.S. Geological Survey. ACC:
MOL.20000802.0010.
van Genuchten, M.T. 1980. "A Closed-Form Equation for Predicting the Hydraulic Conductivity of
Unsaturated Soils." Soil Science Society ofAmerica Journal,44, (5), 892-898. Madison, Wisconsin: Soil
Science Society of America. TIC: 217327.
Van Kampen, N.G 1984. &ochasticProcesses in Physics and Chemisty.New York, New York:
North-Holland. TIC: 248058.
Vaniman, D.T.; Bish, D.L.; and Chipera, S. 1988. A PreliminaryComparisonofMineralDeposits in Faults
Near Yucca Mountain, Nevada, with PossibleAnalogs. LA-I 1289-MS. Los Alamos, New Mexico: Los
Alamos National Laboratory. ACC: HQS.19880517.3205.
Vaniman, D.T.; Carey, J.W.; Bish, D.L.; and Chipera, SJ. 1999. "Cation Profiles Generated by Downward
Transport Into Unsaturated Zeolitic Strata at Yucca Mountain, Nevada." Eos, Transactions(Supplement),
80, (17), S5. Washington, D.C.: American Geophysical Union. TIC: 246464.
Vaniman, D.T,; Chipera, S..; and Bish, D.L. 1994. "Pedogenesis of Siliceous Calcretes at Yucca
Mountain, Nevada." Geoderma,63, 1-17. Amsterdam, The Netherlands: Elsevier Science. TIC: 212060.
Villar, E.; Bonet, A.; Diaz-Caneja, B.; Fernandez, P1.; Gutierrez, I.; Quindos, L.S.; Solana, J.R.; and Soto,
J. 1985. "Natural Evolution of Percolation Water in Altamira Cave." Cave Science, 12, (1), 21-24.
Bridgwater, United Kingdom: British Cave Research Association. TIC: 247713.
Viswanathan, H.S.; Robinson, BA.; Valocchi, AJ.; and Triay, I.R. 1998. "A Reactive Transport Model of
Neptunium Migration from the Potential Repository at Yucca Mountain." Journalof Hydrology, 209,
251-280. Amsterdam, The Netherlands: Elsevier Science. TIC: 243441.
6-45

Yucca Mountain Science and EngineeringReport
DOEIRW-0539 Rev. I
Walker, J.S. 2000. A Short History of NuclearRegulation, 1946-1999. NUREG/BR-01 75, Rev. 1.
Washington, D.C.: U.S. Nuclear Regulatory Commission. TIC: 246687.

"Wang,J.S.Y.; Cook, N.GW.; Wollenberg, H.A.; Carnahan, C.L.; JavandeL I.; and Tsang, C.F. 1993.

"Geohydrologic Data and Models of Rainier Mesa and Their Implications to Yucca Mountain." High Level
Radioactive Waste Management,Proceedingsof the FourthAnnual InternationalConference,Las Vegas,
Nevada, April 26-30, 1993. 1, 675-681. La Grange Park, Illinois: American Nuclear Society. TIC: 208542.
Wang, J.S.Y. and Elsworth, D. 1999. "Permeability Changes Induced by Excavation in Fractured Tuff."
Rock Mechanicsfor Industry, Proceedingsofthe 37th US. Rock Mechanics Symposium, Vail, Colorado,
USA, 6-9 June, 1999. Amadei, B.; Kranz, R.L.; Scott, G.A.; and Smeallie, P.H., eds. 2, 751-757.
Brookfield, Vermont: A.A. Balkema. TIC: 245246.
Wang, J.S.Y. and Narasimhan, T.N. 1993. "Unsaturated Flow in Fractured Porous Media." Chapter 7 of
Flow and ContaminantTransportin FracturedRocks. Bear, J.; Tsang, C-F.; and de Marsily, G, eds. San
Diego, California: Academic Press. TIC: 235461.
Wang, J.S.Y.; Trautz, R.C.; Cook, P.J.; Finsterle, S.; James, A.L.; and Birkholzer, J. 1999. "Field Tests and
Model Analyses of Seepage into Drift." Journalof ContaminantHydrology, 38, (1-3), 323-347. New York,
New York Elsevier Science. TIC: 244160.
Warburton, P.M. 1981. "Vector Stability Analysis of an Arbitrary Polyhedral Rock Block with Any
Number of Free Faces." InternationalJournalofRock Mechanics and MiningSciences & Geomechanics
Abstracts, 18, (5), 415-427. New York, New York: Pergamon Press. TIC: 241134.
Wells, S.Q; McFadden, L.D.; Renault, C.E.; and Crowe, B.M. 1990. "Geomorphic Assessment of Late
Quaternary Volcanism in the Yucca Mountain Area, Southern Nevada- Implications for the Proposed
High-Level Radioactive Waste Repository." Geology, 18, 549-553. Boulder, Colorado: Geological Society
of America. TIC: 218564.
Wescott, R.G; Lee, M.P.; Eisenberg, NA.; McCartin, T.J.; and Baca, R.G, eds. 1995. NRC Iterative
PerformanceAssessment Phase 2, Development of Capabilitiesfor Review of a PerformanceAssessment
for a High-Level Waste Repository.NUREG-1464. Washington, D.C.: U.S. Nuclear Regulatory
Commission. ACC: MOL.19960710.0075.
Whelan, J.F. and Moscati, R.J. 1998. "9 M.Y. Record of Southern Nevada Climate from Yucca Mountain
Secondary Minerals." High-Level Radioactive Waste Management,Proceedingsof the Eighth
InternationalConference, Las Vegas, Nevada, May 11-14, 1998. Pages 12-15. La Grange Park, Illinois:
American Nuclear Society. TIC: 237082.
Whelan, J.F.; Roedder, E.; and Paces, J.B. 2001. "Evidence for an Unsaturated-Zone Origin of Secondary
Minerals in Yucca Mountain, Nevada." "Back to the Future- Managingthe Back End of the NuclearFuel
Cycle to Create a More Secure Enery Future," Proceedingsof the 9th InternationalHigh-Level
Radioactive Waste Management Conference (IHLRWM), Las Vegas, Nevada, April 29-May 3, 2001. La
Grange Park, Illinois: American Nuclear Society. TIC: 247873.
Whelan, J.F.; Roedder, E.W.; Paces, J.B.; Neymark, L.A.; Marshall, B.D.; Peterman, Z.E.; and Moscati,
R.J. 2000. "Calcite Fluid Inclusion, Paragenetic, and Oxygen Isotopic Records of Thermal Event(s) at
Yucca Mountain Nevada." Abstracts with Programs-GeologicalSociety ofAmerico, 32, (7), A-259.
Boulder, Colorado: Geological Society of America. TIC: 249113.
6-46

F
Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1
Wildenschild, D. and Roberts, J. 1999. Experimental Tests of Enhancement of VaporDiffusion in Topopah
Spring Tuff. UCRL-JC-134850. Livermore, California: Lawrence Livermore National Laboratory.
TIC: 246923.
Wilder, D.Q, ed. 1996. Volume II: Near-FieldandAltered-Zone EnvironmentReport. UCRL-LR-124998.
Livermore, California: Lawrence Livermore National Laboratory. ACC: MOL.19961212.0121;
MOL.19961212.0122.
Wilder, D.G and Yow, J.L., Jr. 1987. Geomechanicsofthe Spent Fuel Test-Climax. UCRL-53767.
Livermore, California: Lawrence Livermore National Laboratory. ACC: NNA.19900110.0337.
Wilder, D.Q; Lin, W.; Blair, S.C.; Buscheck, T.; Carbson, R.C.; Lee, K.; Meike, A.; Ramirez, A.L.;
Wagoner, J.L.; and Wang, L. 1997. Large Block Test Status Report. UCRL-ID-128776. Livermore,
California: Lawrence Livermore National Laboratory. ACC: MOL.19980508.0727.
Wilkins, D.R. and Heath, C.A. 1999. "Direction to Transition to Enhanced Design Alternative U." Letter
from D.R. Wilkins (CRWMS M&O) and C.A. Heath (CRWMS M&O) to Distribution, June 15,1999,
LV.NSJLY.06/99-026, with enclosires, "Strategy for Baselining EDA II Requirements" and "Guidelines
for Implementation of EDA U." ACC: MOL. 19990622.0126; MOL. 19990622.0127;
MOL.19990622.0128.
Williams, H.. 2001a. "Contract No. DE-ACO8-01RW12101 -Total

System Performance

Assessment-Analyses for Disposal of Commercial and DOE Waste Inventories at Yucca
Mountain-Input to Final Environmental Impact Statement and Site Suitability Evaluation REV 00 ICN
02." Letter from N.H. Williams (BSC) to J.R. Summerson (DOE/YMSCO), December 11, 2001,
RWA:cs-1204010670, with enclosure. ACC: MOL.20011213.0056.
Wrdliams, N.H. 2001b. "Contract No. DE-AC08-O1RWI2101-Total System Performance Assessment
Sensitivity Analyses for Final Nuclear Regulatory Commission Regulations, Rev 00 ICN 01." Letter from
N.H. Williams (BSC) to SJ. Brocoum (DOE/YMSCO), December 11, 2001, RWA:cs-1204010669, with
enclosure. ACC: MOL.20011213.0057.
Wilson, L. and Head, J.W., 1I 1981. "Ascent and Eruption of Basaltic Magma on the Earth and Moon."
Journalof GeophysicalResearch; 86, (B4), 2971-3001. Washington, D.C.: American Geophysical Union.

TIC: 225185.
Wilson, M.L.; Gauthier, J.-L; Barnard, R.W.; Barr, GE.; Dockery, HA.; Dunn, E.; Eaton, R.R.; Guerin,
D.C.; Lu, N.; Martinez, M3.; Nilson, R.; Rautman, C.A.; Robey, T.H.; Ross, B.; Ryder, E.E.; Schenker,
A.R.; Shannon, S.A.; Skinner, L.H.; Halsey, W.G; Gansemer, J.D.; Lewis, L.C.; Lamont, A.D.; Triay, I.R.;
Meijer, A.; and Morris, DE. 1994. Total-System PerformanceAssessmentfor Yucca Mountain-SNL
Second Iteration (TSPA-1 993). SAND93-2675. Executive Summary and two volumes. Albuquerque, New
Mexico: Sandia National Laboratories. ACC: NNA.19940112.0123.
Wilson, N.S.F.; Cline, J.S.; and Amelin, YV. 2001. 'Fluid Inclusion Microthermometry and U-Pb Dating

Constraints to Fluid Movement through the Potential Yucca Mountain Nuclear Waste Repository."
Preliminary Programs and Abstracts, Eleventh Annual V.M. Goldschmidt Conference, May 20-24, 2001,
Hot Springs, Virginia, USA. Houston, Texas: Lunar and Planetary Institute. Accessed April 3, 2001.
TIC: 249671.
http://www.lpi.usra.edu/meetings/gold200l/pdf/3724.pdf

6-47

Yucca MountainScience andEngineeringReport
DOEIRW-0539 Rev. 1
Wilson, N.S.F.; Cline, J.S.; Rotert, L.; and Amelin, Y.V. 2000. "tuming and Temperature of Fluid
Movement at Yucca Mountain, NV: Fluid Inclusion Analyses and U-Pb and U-Series Dating," Abstracts
with Programs-GeologicalSociety ofAmerica, 32, (7), A-260. Boulder, Colorado: Geological Society of
America. TIC: 249113.
Wimograd, IJ. 1981. "Radioactive Waste Disposal in Thick Unsaturated Zones." Science, 212, (4502),
1457-1464. Washington, D.C.: American Association for the Advancement of Science. TIC: 217258.

Wnmograd, IJ. 1986. Archaeology and PublicPerceptionof a Transscient~flcProblem-Disposa ofTbxic
Wastes in the UnsaturatedZone. Circular 990. Denver, Colorado: U.S. Geological Survey. TIC: 237946.
Winograd, IJ.; Coplen, T.B.; Landwehr, J.M.; Riggs, A.C.; Ludwig, K.R.; Szabo, BJ.; Kolesar, P.T.; and
Revesz, K.M. 1992. "Continuous 500,000-Year Climate Record firom Vein Calcite in Devils Hole,
Nevada." Science, 258, 255-260. Washington, D.C.: American Association for the Advancement of
Science. TIC: 237563.

W'mograd, IJ. and Thordarson, W. 1975. Hydrogeologic and HydrchemicalFramework,South-Central
GreatBasin,Nevada-Californi4with Special Reference to the Nevada Test Site. Geological Survey
Professional Paper 712-C. Washington, [D.C.): United States Government Printing Office. ACC:
NNA.19870406.0201.

W'mterle, J.R. and La Femina, P.C. 1999. Review and Analysis of Hydraulic and Tracer Testing at the
C-Holes Complex Near Yucca Mountain, Nevada. San Antonio, Texas: Center for Nuclear Waste
Regulatory Analyses. TIC: 246623.
WoldeGabriel, G. Keating, GN.; and Valentine, GA. 1999. "Effects of Shallow Basaltic Intrusion into
Pyroclastic Deposits, Grants Ridge, New Mexico, USA." Journalof Volcanology and Geothermal
Researchl 92, 389-411. New York, New York: Elsevier Science. TIC: 246037.
Wollenberg, HA. and Flexser, S. 1986. "Contact Zones and Hydrothermal Systems as Analogues to
Repository Conditions." Chemical Geology. 55, 345-359. Amsterdam, The Netherlands: Elsevier Science.
TIC: 246171.

Wong, I.G and Stepp, C. 1998. ProbabilisticSeismic HazardAnalysesfor Fault Displacementand
Vibratory GroundMotion at Yucca Mountain,Nevada. Milestone SP32IM3, September 23, 1998. Three
volumes. Oakland, California: U.S. Geological Survey. ACC: MOL.19981207.0393.
Wruck, DA. and Palmer, C.E.A. 1997. Status Update on the Analysis ofElevated TemperatureDatafor
Thermodynamic Propertiesof Selected Radionuclides.Milestone SPL4B IM4. Livermore, California:
Lawrence Livermore National Laboratory. ACC: MOL.19971210.0037.
Yang, I.C. and Peterman, Z.E. 1999. "Chemistry and Isotopic Content of Perched Water." In Hydrogeology
of the UnsaturatedZone, North Ramp Area of the ExploratoryStudies Facility,Yucca Mountain, Nevada.
Rousseau, J.P.; Kwicklis, E.M.; and Gillies, D.C., eds. Water-Resources Investigations Report 98-4050.
Denver, Colorado: U.S. Geological Survey. ACC: MOL.19990419.0335.
Yang, I.C.; Rattray, (W.; and Yu, P. 1996. Interpretationof Chemicaland IsotopicDatafrom Boreholes in
the UnsaturatedZone at Yucca Mountain,Nevada. Water-Resources Investigations Report 96-4058.
Denver, Colorado: U.S. Geological Survey. ACC: MOL.19980528.0216.

6-48

Yucca MountainScience and EngineeringReport
DOE/RW-0539 Rev. 1
Yang, I.C.; Yu, P.; Rattray, G.W.; Ferarese, J.S.; and Ryan, J.N. 1998. HydrochemicalInvestigations in
Characterizingthe UnsaturatedZone at Yucca Mountain, Nevada, Water-Resources Investigations Report
98-4132. Denver, Colorado: U.S. Geological Survey. ACC: MOL.19981012.0790.
Yau, T.L. and Webster, R.T. 1987. "Corrosion of Zirconium and Hafnium." In Corrosion,Volume 13,
pages 707-721 of ASMHandbook. Formerly 9th Edition, Metals Handbook. Materials Park, Ohio: ASM
International. TIC: 240704.
YMP (Yucca Mountain Site Characterization Project) 1997. PreclosureSeismic Design Methodologyfor a
Geologic Repository at Yucca Mountain. Topical Report YMP/TR-003-NP, Rev. 2. Las Vegas, Nevada:
Yucca Mountain Site Characterization Office. ACC: MOL.19971009.0412.
YMP 1998. DisposalCriticalityAnalysisMethodology TopicalReport. YMP/TR-004Q, Rev. 0. Las Vegas,
Nevada: Yucca Mountain Site Characterization Office. ACC: MOL.1 9990210.0236.
YMP 2000a. Monitored Geologic Repository Requirements Document. YMP/CM-0025, Rev. 3, DCN 02.
Las Vegas, Nevada: Yucca Mountain Site Characterization Office. ACC: MOL.20000720.0540.
YMP 2000b. Q-List. YMP/90-55Q, Rev. 6. Las Vegas, Nevada: Yucca Mountain Site Characterization
Office. ACC: MOL.20000510.0177.
YMP 2000c. Disposal CriticalityAnalysis Methodology Topical Report. YMP/TR-004Q, Rev. 01. Las
Vegas, Nevada: Yucca Mountain Site Characterization Office. ACC: MOL.20001214.0001.
Zimmerman, R.M.; Blanford, M.L.; Holland, J.F.; Schuch, R.L.; and Barrett, W.H. 1986. FinalReport,
G-Tunnel Small-DiameterHeaterExperiments. SAND84-2621. Albuquerque, New Mexico: Sandia
National Laboratories. ACC: HQS.19880517.2365.
Zimmerman, R.M. and Finley, R.E. 1987. Summary of GeomechanicalMeasurements Taken In and
Around the G-Tunnel UndergroundFacility,NTS. SAND86-1015. Albuquerque, New Mexico: Sandia
National Laboratories. ACC: NNA.19870526.0015.
Zyvoloski, GA.; Robinson, BA.; Dash, Z.V.; and Trease, L.L. 1997a. Summary of the Models and
Methodsfor the FEHMApplication--A FiniteElement Heat- andMass-TransferCode. LA-13307-MS.
Los Alamos, New Mexico: Los Alamos National Laboratory. TIC: 235587.
Zyvoloski, GA.; Robinson, B.A.; Dash, Z.V.; and Trease, L.L. 1997b. User ý Manualforthe FEHM
Application-A Finite-ElementHeat- andMass-TransferCode. LA-I 3306-M. Los Alamos, New Mexico:
Los Alamos National Laboratory. TIC: 235999.
6.2

CODES, STANDARDS, REGULATIONS, AND PROCEDURES

10 CFR 20. Energy: Standards for Protection Against Radiation. Readily available.
10 C;FR 71. Energy: Packaging and Transportation of Radioactive Material. Readily available.
10 CFR 73. Energy: Physical Protection of Plants and Materials. Readily available.
10 CFR 835. Energy: Occupational Radiation Protection. Readily available.

6-49

Yucca MountainScience andEngineeringReport
DOE/RW-0539 Rev. 1
10 CFR 960. Energy: General Guidelines for the Recommendation of Sites for Nuclear Waste
Repositories. Readily available.
40 CFR 197. Protection of Environment Public Health and Environmental Radiation Protection Standards
for Yucca Mountain, Nevada. Readily available.
49 FR 34658. Waste Confidence Decision, 10 CFR Parts 50 and 51. TIC: 249471
55 FR 38474. Waste Confidence Decision Review, 10 CFR Part 51. TIC: 249472.
64 FR 8640. Disposal of High-Level Radioactive Wastes in a Proposed Geologic Repository at Yucca
Mountain, Nevada. Proposed rule 10 CFR Part 63. Readily available.
64 FR 46976. Environmental Radiation Protection Standards for Yucca Mountain, Nevada. Proposed rule
40 CFR Part 197. Readily available.
64 FR 68005. Waste Confidence Decision Review: Status, 10 CFR Part 51. TIC: 249473.
65 FR 1608. Record of Decision for the Surplus Plutonium Disposition Final Environmental Impact
Statement TIC: 248241.
66 FR 32074. 40 CFR Part 197, Public Health and Environmental Radiation Protection Standards for
Yucca Mountain, NV; Final Rule. Readily available.
66 FR 55732. Disposal of High-Level Radioactive Wastes in a Proposed Geologic Repository at Yucca
Mountain, NV. Final Rule 10 CFR Part 63. Readily available.
ANSI/ANS-2.S-1992. American National Standardfor DeterminingDesign Basis Floodingat Power
Reactor Sites. La Grange Park, Illinois: American Nuclear Society. TIC: 236034.
ANSIIANS-57.7-1988. American NationalStandardDesign Criteriafor an Independent Spent Fuel
StorageInstallation (Water Pool Type). Revision of ANSI/ANS-57.7-1981. La Grange Park, Illinois:
American Nuclear Society. TIC: 238870.
ANSI N13.8-1973. American NationalStandardRadiationProtectionin UraniumMines. New York, New
York: American National Standards Institute. TIC: 208902.
ASCE 7-98.2000. Minimum Design Loadsfor Buildings and Other Structures. Revision of
ANSI/ASCE 7-95. Reston, Virginia: American Society of Civil Engineers. TIC: 247427.
ASTM A 276-91a. 1991. StandardSpeciflcationfor Stainless and Heat-ResistingSteel Bars and Shapes.
Philadelphia, Pennsylvania: American Society for Testing and Materials. TIC: 240022.
ASTM B 575-97. 1998. StandardSpecficationfor Low-CarbonNickel-Molybdenum-Chromium,
Low-CarbonNickel-Chromium-Molybdenum, Low-CarbonNickel-Chromium-Molybdenum-Copperand
Low-CarbonNickel-Chromium-Molybdemim-Tungsten Alloy Plate, Sheet, and Strip. West Conshohocken,
Pennsylvania: American Society for Testing and Materials. TIC: 241816.
6-50

Yucca Mountain Science andEngineeringReport
DOEIRW-0539 Rev. I
ASTM C 1174-97.1998. StandardPracticefor Predictionof the Long-Term BehaviorofMaterials,
Including Waste Forms, Used in EngineeredBarrierSystems (EBS)for GeologicalDisposalof High-Level
Radioactive Waste. West Conshohocken, Pennsylvania: American Society for Testing and Materials.
TIC: 246015.
ASTM C 1220-98. 1998. StandardTest Methodfor Static Leaching ofMonolithic Waste Formsfor
DisposalofRadioactive Waste. West Conshohocken, Pennsylvania: American Society for Testing and
Materials. TIC: 247005.
ASTM G 1-90 (Reapproved 1999). 1990. StandardPracticefor Preparing.Cleaning,and Evaluating
CorrosionTest Specimens. West Conshohocken, Pennsylvania: American Society for Testing and
Materials. TIC: 238771.
ASTM G 30-94. 1994. StandardPracticefor Making and Using U-Bend Stress-CorrosionTest Specimens.
Philadelphia, Pennsylvania: American Society for Testing and Materials. TIC: 246890.
ASTM G 46-94 (Reapproved 1999). 1994. SandardGuidefor Examinationand Evaluationof Pfting
Corrosio. West Conshohocken, Pennsylvania: American Society for Testing and Materials. TIC: 247941.
ASTM 0 61-86 (Reapproved 1998). 1987. StandardTest Methodfor Conducting Cyclic Potentiodynamni
PolarizationMeasurementsfor Localized CorrosionSusceptibility of Iron-, Nickel-, or Cobalt-Based
Alloys. West Conshohocken, Pennsylvania: American Society for Testing and Materials. TIC: 246716.
Atomic Energy Act of 1954. 42 U.S.C. 2011 et seq. Readily available.
Department of Energy Organization Act. 42 U.S.C. 7101 et seq. Readily available.
Emergency Planning and Community Right-to-Know Act of 1986.42 U.S.C. 11001 et seq. Readily
available.
Energy Policy Act of 1992. Public Law No. 102-486. 106 Stat. 2776. Readily available.
Energy Reorganization Act of 1974. 42 U.S.C. 5801 et seq. Readily available.
National Environmental Policy Act of 1969. 42 U.S.C. 4321-4347. Readily available.
Nuclear Waste Policy Act of 1982.42 U.S.C. 10101 et seq. Readily available.
Nuclear.Waste Policy Act of 1982. Public Law No. 97-425.96 Stat. 2201. Readily available.
Nuclear Waste Policy Amendments Act of 1987. Public Law No. 100-203. 101 Stat. 1330. Readily
available.
PublicService Co. ofColoradov. Batt, No. 91-0035 (U.S. District Court for the District of Idaho). Filed
October 17, 1995. Consent order incorporating settlement agreement. TIC: 240346.
QAP-2-3, Rev. 10. ClassificationofPermanentItems. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19990316.0006.

6-51

I

Yucca MountainScience and EngineeringReport
DOE/RW-0539 Rev. 1
Regulatory Guide 1.13, Rev. 1.1975. Spent Fuel Storage FacilityDesign Basis. Washington, D.C.: U.S.
Nuclear Regulatory Commission. Readily available.
Regulatory Guide 1.29, Rev. 3. 1978. Seismic Design Classiflcation.Washington, D.C.: U.S. Nuclear
Regulatory Commission. Readily available.
Regulatory Guide 1.32, Rev. 2. 1977. Criteriafor Safety-Related ElectricPowerSystems for Nuclear
PowerPlants.Washington, D.C.: U.S. Nuclear Regulatory Commission. Readily available.
Regulatory Guide 1.59, Rev. 2. 1977. DesignBasis FloodsforNuclear Power Plants.Washington, D.C.:
U.S. Nuclear Regulatory Commission. Readily available.
Regulatory Guide 1.60, Rev. 1. 1973. Design Response Spectrafor Seismic Design of NuclearPower
Plants. Washington, D.C.: U.S. Nuclear Regulatory Commission. TIC: 232770.
Regulatory Guide 1.61. 1973. Damping Values for Seismic Design ofNuclear PowerPlants. Washington,
D.C.: U.S. Nuclear Regulatory Commission. Readily available.
Regulatory Guide 1.76, Rev. 0. 1974. Design Basis Tornadofor Nuclear PowerPlants. Washington, D.C.:
U.S. Nuclear Regulatory Commission. TIC: 2717.
Regulatory Guide 1.92, Rev. 1. 1976. CombiningModal Responses andSpatial Components in Seismic
Response Analysis. Washington, D.C.: U.S. Nuclear Regulatory Commission. TIC: 2775.
Regulatory Guide 1.102, Rev. 1. 1976. FloodProtectionfor NuclearPowerPlants.Washington, D.C.:
U.S. Nuclear Regulatory Commission. Readily available.
Regulatory Guide 1.117, Rev. 1. 1978. Tornado Design Classification.Washington, D.C.: U.S. Nuclear
Regulatory Commission. Readily available.
Regulatory Guide 1.122, Rev. 1. 1978. Development of FloorDesign Response Spectrafor Seismic Design
ofFloor-SupportedEquipment or Components. Washington, D.C.: U.S. Nuclear Regulatory Commission.
TIC: 2787.
Regulatory Guide 1.165. 1997. Identificationand Characterizationof Seismic Sources andDetermination
of Safe Shutdown Earthquake GroundMotiorL Washington, D.C.: U.S. Nuclear Regulatory Commission.
Readily available.
Regulatory Guide 3.49. 1981. Design of an IndependentSpent FuelStorage Installation(Water-Basin
7%pe). Washington, D.C.: U.S. Nuclear Regulatory Commission. Readily available.
Regulatory Guide 8.8, Rev. 3. 1978. Information Relevant to Ensuringthat OccupationalRadiation
Exposures at NuclearPowerStations will be as Low as is Reasonably Achievable. Washington, D.C.: U.S.
Nuclear Regulatory Commission. Readily available.
Resource Conservation and Recovery Act of 1976. 42 U.S.C. 6901 et seq. Readily available.
6-52

Yucca Mountain Science and EngineeringReport
DOE/RW-0539 Rev. I

GLOSSARY

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1

0

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1
3DEC. A heat transfer and distinct element stress
analysis software code used to simulate
thermal-mechanical behavior of a rock
mass.

adsorption. Transfer of solute mass, such as radio
nuclides, in groundwater to the solid
geologic surfaces with which it comes in
contact. The term sorption is sometimes
used interchangeably with this term.

ablation. The process of removing by cutting, ero
advection. The process in which solutes are trans
ported by groundwater movement.

sion, melting, evaporation, or vaporization.
abstracted model. Model, that reproduces, or
bounds, the essential elements of a more
detailed process model and captures uncer
tainty and variability in what is often, but
not always, a simplified or idealized form.
See abstraction.

ALARA (as low as is reasonably achievable). A
process that applies a graded approach to
reducing dose levels to workers and the
public, and releases of radioactive materials
to the environment. The goal of this process
is not merely to reduce doses to levels speci
fied by regulations, but to reduce them to
levels that are as low as reasonably
achievable.

abstraction. The essential components of a
process model that are extracted for use in a
total system performance assessment. The
abstraction retains the basic intrinsic form of
the process model but does not usually
require its original complexity.

alcove. A small excavation (room) off a main drift.
Used for scientific study or for installing
equipment.

access main. Horizontal drift that provides access
to waste emplacement drifts. Also, main
drift.

alkaline. (1) Of, relating to, containing, or having
the basic chemical properties of an alkali or
alkali metal. (2) Having a pH of more than 7.
See pH.

accessible environment. Any point outside of the
controlled area, including: (1) the atmo
sphere (including the atmosphere above the
surface area of the controlled area), (2) land
surfaces, (3) surface waters, (4) oceans, and
(5) the lithosphere.

Alloy 22. A high-nickel alloy used for the outer

barrier of-the waste package.
alluvium. Sedimentary material (clay, mud, sand,
silt, gravel) deposited by a stream or running
water.

actinide. Any element of the actinide series, a
series of chemically similar, mostly syn
thetic, radioactive elements with atomic
numbers from 89 (actinium) through 103

alpha particle. A positively charged particle
ejected spontaneously from the nuclei of
some radioactive elements. It is identical to
a helium nucleus and has a mass number of
4 and an electrostatic charge of +2. It has
low penetrating power and a short range (a
few centimeters in air). See ionizing
radiation.

(lawrencium).
acute dose. The maximum radiation dose that an
individual at the site boundary is expected to
receive over a relatively short period (e.g.,
two hours).

ambient. Undisturbed, natural conditions such as
ambient temperature caused by climate or
natural subsurface thermal gradients.

adsorb. To collect a gas, liquid, or dissolved sub
stance on a surface.
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analogue. Natural or man-made systems that
include processes similar to those that could
occur in a repository system at Yucca Moun
tain for which information can be obtained
to evaluate long-term (e.g., millennia) or
large-scale (e.g., kilometers) behavior.
anion. An atom or group of atoms having a nega
tive charge; a negatively charged ion.
anisotropy. The condition in which physical prop
erties vary when measured in different
directions or along different axes. For exam
ple, in a layered rock section the
permeability is often anisotropic in the verti
cal direction (from layer to layer) but is
isotropic in the horizontal direction (within a
layer). See isotropy.
annealing. Alternately heating and cooling a
metal, alloy, or glass to relieve internal
stresses in the material
annual committed effective dose equivalent. A
radiation protection term for the effective
dose equivalent received by an individual in
one year from radiation sources external to
the individual plus committed effective dose
equivalent.

arid. Of a climate: very dry; a region in which
annual precipitation is less than approxi
mately 250 mm (10 in.). On average, Yucca
Mountain receives about 190 mm (7.5 in.) of
rain and snow annually.
ash. Fine, or very fine pyroclastic particles, less
than 4 mm (0.15 in.) in diameter, that are
blown out from a volcanic explosion.
ash-fall tufL Highly-porous volcanic rock that is a
result of magma thrown high into the atmo
sphere, where it cooled and fell back to earth
as a blanket of ash.
ash-flow tuff Dense, nonporous volcanic rock that
is a result of magma flowing at ground level
where it remained at a high temperature for a
long time, welding magma and ash together.
ASHPLUME. A computer software code used to
simulate the ash plume that results from an
extrusive volcanic event.
asperity. Roughness or irregularity of surface
along the boundary between the walls of
faults, joints, or fractures.
assembly transfer system. System in the Waste
Handling Building to transfer uncanistered
spent nuclear fuel assemblies from the ship
ping casks to disposal containers.

ANSYS. A finite element code used in thermal and
structural dynamic analyses (e.g., ground
support design, performance confirmation,
engineered barrier components).

autocatalytic criticality. A transient criticality in
which the usual mechanisms that tend to
shut down a criticality are delayed until a
high fission rate is achieved.

aquifer. A subsurface formation or group of for
mations that is saturated and sufficiently
permeable to transmit quantities of water to
wells or springs.

backfill. The general fill that is placed in the exca
vated areas of the underground facility. If
used, the backfill for the repository may be
tuff or other material.

areal mass loading. Used in thermal loading cal
culations, the amount of heavy metal
(usually expressed in metric tons of uranium
or equivalent) emplaced per unit area in the
repository.

background radiation. Radiation arising from
natural radioactive material always present
in the environment, including solar and
cosmic radiation, radon gas, soil and rocks,
food, and the human body.
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for all pathways considered, with units
expressed in terms of annual dose (i.e., the
total effective dose equivalent) per unit
concentration.

barrier. Any material, structure, or feature that
prevents or substantially reduces the rate of
movement of water or radionuclides.
base case. The sequence of anticipated conditions
expected to occur in and around the potential
repository, without the inclusion of unlikely
or unanticipated features, events, or pro
cesses. The components that contribute to
the base case model are intended to encom
pass this probable behavior of the repository,
based on the range of uncertainty for the
various parameters and conceptual models
used in constructing the base case.
base case. Design that addresses a nuclear waste
storage capacity of 70,000 MTHM (63,000
MTHM commercial spent nuclear fuel and
7,000 MTHM DOE high-level radioactive
waste). Also, statutory case.
binning. (1) A project-specific term that refers to
the process of prioritizing systems, struc
tures, and components based on their
importance to radiological safety as well as
regulatory or design precedent. (2) In com
puter modeling of a system, a process of
averaging relevant variables over a typical
subset of the system, while preserving vari
ability. Used in the TSPA; for example,
binning provides multiscale model results
for waste package temperature, relative
humidity at the waste package surface, and
the percolation flux in the host rock 5 m (16
ft) above the emplacement drift
bloaccumulation. Means by which a living organ
ism could ingest, inhale, or otherwise
internally accumulate a foreign substance
such as a radioactive particle.

block-bounding fault. A normal fault that divides
the crust into structural or fault blocks of dif
ferent elevations and orientations; typical of
the Basin and Range province.
boiling-water reactor. A nuclear power reactor in
which water passing as coolant through the
core is turned to steam by direct use of
fission heat from the uranium oxide fuel;
steam for driving the turbogenerator is
formed within the reactor vessel itself rather
than in an external heat exchanger and, after
being condensed, returns as feedwater to the
reactor vessel.
bomb-pulse. A detectable increase in radionuclide
concentration related to global fallout from
above-ground thermonuclear tests.
borehole. A hole drilled for purposes of collecting
site characterization data or for supplying
water. Sometimes referred to as a drillhole
or well bore.
borosilicate glass. A material used to vitri
high-level radioactive waste in which boron
takes the place of the lime used in ordinary
glass mixtures.
boundary condition. For a model, the establish
ment of a set condition (set value), often at
the geometric edge of the model, for a given
variable; for example, using a specified
groundwater flux from infiltration as a
boundary condition for a flow model.

biosphere. The ecosystem of the earth and the
living organisms inhabiting it

bounding. For a mathematical model, relating to a
set condition (set value) that is considered to
reflect the reasonable extreme for that value
in the real-world condition being modeled.
See boundary condition, bounding value.

biosphere dose conversion factor. A multiplier
used in converting a radionuclide concentra
tion at the geosphere/biosphere interface
into a dose that a human would experience

bounding value. Specific data point that defines
the reasonable extreme limit of a variable in
an experiment or model.
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breakthrough. The time at which the concentra
tion of a substance, usually in groundwater,
arrives at a particular point of interest.
breakthrough curve. The curve describing the
rate of arrival of radionuclides transmitted

through a medium. The breakthrough curve
calculation includes the effects of all flow
modes, flow in rock matrix, flow in frac
tures, and retardation and determines the
expected proportion of the radionuclide
mass transmitted through the medium as a
function of time.

calibration. (1) In modeling, the process of com
paring the conditions, processes, and param
eter values used in a model against actual
data points or interpolations from measure
ments at or close to the site to ensure that the
model is compatible with "reality" to the
extent feasible. (2) For tools used for field or
lab measurements, the process of taking
instrument readings on standards known to
produce a certain response to check the
accuracy and precision of the instrument.
canister. The structure surrounding some forms of
waste (e.g., high-level radioactive waste
immobilized in glass logs or ceramic disks
within cans) that facilitates handling, stor
age, transportation, and/or disposal.

bridge crane. A large overhead crane used for
material handling that spans across rails on
either side of a structure.

capillary barrier. A contact in the unsaturated
zone between a geologic unit containing rel
atively small-diameter openings and a unit
containing relatively large-diameter open
ings. Water does not flow from the former to
the latter due to capillary forces.

Brownian motion. Random movement of small
particles suspended in a fluid. Caused by
pressure fluctuations over the surfaces of the
particles as they interact with the fluid's
molecules.
buoyant convection. Fluid movement, typically in
the gas phase, in response to a density gradi
ent. An example is the rising of air when it
becomes less dense because of heating fol
lowed by its subsequent fall when it cools
and becomes denser.

capillary force. A phenomenon that results from
the force of molecular attraction (adhesion)
between a fluid and different solid materials;
this force that causes water to rise in small
diameter tubes and, in combination with the
effects of gravity, is a means of water move
ment in the unsaturated zone.

burnup. A measure of nuclear-reactor fuel con
sumption expressed either as the percentage
of fuel atoms that have undergone fission or
as the amount of energy produced per initial
unit weight of fuel.

capillary pressure. The pressure due to capillary
forces; i.e., the pressure of fluids under the
influence of surface tension and adhesion.
Carrier Preparation Building. Surface facility
where waste transportation casks and their
carriers are prepared before they enter the
Waste Handling Building.

burnup credit. A factor used in criticality calcula
tions that accounts for the amount of burnup
in certain fuel types. As burnup increases,
the capability of the nuclear fuel to support
criticality decreases. See burnup.

carrier/cask handling system. System in the
Waste Handling Building that unloads the
casks from the carriers and transfers the
casks to either the assembly transfer system
or the canister transfer system. The system
also receives empty casks from the assembly
and canister transfer systems and nondispos-

caldera. A large basin-shaped volcanic depression,
more or less circular, resulting from the col
lapse of the ground surface following a rapid
volcanic eruption. A caldera may be more

than 15 km (9 mi) indiameter and more than
1,000 m (3,300 ft) deep.

0-4

9

Yucca MountainScience and EngineeringReport
DOE/RW-0539 Rev. I
able canister overpacks from the assembly
transfer system and loads them onto carriers
for transfer to the Carrier Preparation
Building.
cask. A large, shielded container for shipping or
sioring spent nuclear fuel and/or high-level

radioactive waste that meets all applicable

regulatory requirements.
cation. An atom or group of atoms having a posi
tive charge; a positively charged ion.
chronic dose. Of a radiation dose, the annual expo
sure to an individual living at the site
boundary and continuously exposed to an
averaged level of exposure over a long
period of time.
cinder cone. A conical hill formed by the accumu
lation of cinders and other pyroclasts around
a volcanic vent.
cladding. The metallic outer sheath of a fuel rod
element generally made of a zirconium
alloy. It is intended to isolate the fuel
element from the external environment.
clay. A rock or mineral fragment of any composi
tion that is smaller than very fine silt grains,
having a diameter less than 0.00016 in.
(1/256 mm). A clay mineral is one of a
complex and loosely defined group of finely
crystalline hydrous silicates formed mainly

by weathering or alteration of primary sili
cate minerals. They are characterized by

closure seal. A generic term for the method(s) that
would be used to seal all openings (e.g.,
access ramps, ventilation shafts, and explor
atory boreholes) from the surface to the
underground repository facilities once a
decision is made to permanently close the
repository. If left unsealed, the openings
could enhance the movement of moisture
from the surface into the waste emplacement
area and could also serve as conduits for air
borne radioactive material to migrate into
the atmosphere.
code (computer). The set of commands used to
solve a mathematical model on a computer.
codisposal. A packaging method for disposal of
radioactive waste in which more than one
type of waste, such as DOE spent nuclear
fuel and high-level radioactive waste, are
combined in disposal containers. Codisposal
takes advantage of otherwise unused space
in disposal containers and is more cost
effective than other methods of limiting the
reactivity of individual waste packages.
cohesion. (1) In geology, the shear strength of the
substance, whether cement or adsorbed
water, that separates individual grains of
rock at their areas of contact. (2) In physics,
the attraction between molecules of a liquid
that allows formation of drops or films of
that liquid.
colloid. A large molecule or small particle that has
at least one dimension with the size range of

small particle size and their ability to adsorb
large amounts of water or ions on the surface

10-9 to 10-6 m, suspended in a liquid such as

of the particles.

groundwater. Some radionuclides can bind
with colloids (either reversibly or irrevers
ibly) depending on the type of colloid) and
travel great distances in groundwater. Col
loids may form directly from insoluble
radioactive material (intrinsic colloids), may
result from degraded spent nuclear fuel or
glass waste forms (waste form colloids), or
may result from other natural or man-made
materials with which radionuclides can bind

Climate. Weather conditions, including tempera

ture, wind velocity, precipitation, and other
factors, that prevail in a region averaged
over some period of time.
climate state. Representation of climate condi

tions. Different climate states are used in
performance assessment models to represent
changes in climate over the time periods of

(pseudocolloids).

interest.
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colluvium. Any loose, heterogeneous sediment
deposited by rainwash, sheetwash, or slow
continuous downslope creep, usually at the
base of a cliff or slope.
committed effective dose equivalent. A radiation
protection term for the effective dose equiv
alent received over a period of time (as
determined by the U.S. Nuclear Regulatory
Commission) by an individual from radionu
clides internal to the individual following
one year intake of these radionuclides.
committed dose equivalent. A radiation protec
tion term for the dose equivalent that is
committed to specific organs or tissues that
will be received from an intake of radioac
tive material by an individual during the
50 years following the intake.
complexation capability. The ability of a chemi
cal element to unite with other elements to
form a complex compound.
component model The analysis models that are
run separately and then combined into
process models for running in the TSPA
computer model.
conceptual model. A set of qualitative assump
tions used to describe a system or subsystem
for a given purpose.
conduction. The flow of thermal energy through a
material. Conduction is affected by the
amount of heat energy present, the nature of
the heat carrier in the material (its thermal
conductivity), and the amount of dissipation.
confidence. (1) In statistics, a measure of how
close the estimated value of a random vari
able is to its true value. (2) Degree of
assurance that an argument, such as a safety
case, is correct.

conservative assumption. (1) An assumption that
results in a calculated release of radionu
clides exceeding actual or expected releases.
(2) An assumption that uses uncertain inputs
and does not attempt to include any poten
tially beneficial effects.
containment (1) The confinement of radioactive
waste within a designated boundary. (2) The
use of design features to contain or reduce
radioactive releases or radiation doses.
continuum model. A model that represents fluid
flow through numerous individual fractures
and matrix blocks by approximating them as
continuous flow fields.
controlled area. The surface area, identified by
passive institutional controls, that encom
passes no more than 300 square kilometers.
It must not extend farther south than
36 40' 13.6661" North latitude, in the pre
dominant direction of groundwater flow and
must not extend more than five kilometers
from the repository footprint in any other
direction. It also includes the subsurface
underlying the surface area.
convection. (I) The transfer of heat by the circula
tion of a fluid (at Yucca Mountain, either
water or air). (2) The bulk motion of a
flowing fluid (gas or liquid) caused by tem
perature differences that, in turn, cause
different areas of the fluid to have different
densities (e.g., warmer is less dense).
convective circulation. The transfer of heat from
or within a given area by movement of a
liquid or gas having a temperature different
than the solids over which it flows.
corrosion resistant material. A material that
develops a protective film on its surface,
creating a high resistance to corrosion. Such
a material, the nickel-based alloy, Alloy 22,
would be used as the outer barrier of the
two-layer waste package.

confidence interval. An interval that is believed,
with a preassigned degree of confidence, to
include the particular value of the random
variable that is estimated.
G-6
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coupon. A strip of polished metal, of specific
weight and size, used in testing to assess the
corrosive effects of liquids or gases. Also
used to measure the effectiveness of corro
sion inhibitors.

darcy. A unit of measurement of the permeability
of a porous medium. In a cross section of the
medium I square centimeter by 1 cm in
length, I darcy equals the passage in 1
second of 1 cm 3 of the fluid when it has 1
centipoise of viscosity under I atmosphere
of pressure.

creep. A phenomenon in which strain in a solid
increases with time when stress producing
the strain is held fixed; it may be associated
with temperature or mechanical stress.

Darcy's law. A fundamental law of porous media,
discovered by Henri Darcy in 1856, stating

critical group. The hypothetical group of individu
als reasonably expected -to receive the
greatest exposure to radioactive materials
(proposed 10 CFR Part 63). The critical
group has been replaced by the reasonably
maximally exposed individual in the final

Used in hydrology to describe fluid flow in a
porous medium.

NRC regulations (10 CFR 63.2).
criticality. The condition in which nuclear fuel
sustains a chain reaction. It occurs when the
effective neutron multiplication factor of a
system equals one. See effective neutron
multiplication factor.

that the flow rate 9 is proportional to the
cross-sectional area- A, inversely propor
tional to the length L of the sand-filter flow
path, proportional to the head drop 8H, and
proportional to the hydraulic conductivity K.

decommission. The process of removing from
service a facility in which nuclear materials
are handled. This usually involves decon
taminating the facility so that it may be
dismantled or dedicated to other purposes.
DECOVALEX. An international software code
testing program.

defense In depth. (1) A design strategy based on a
system of multiple, independent, and redun
dant barriers, designed to ensure that failure
in any one barrier does not result in failure

Cross-Drift, Enhanced Characterization of the
Repository Block (ECRB) Cross-Drift. An
excavation above and across the block of the
potential repository excavated in a general
northeast-southwest direction.

of the entire system. (2) A system of multi
ple barriers that mitigate uncertainties in
conditions, processes, and events.
deliquescence. The absorption of water vapor
from the air by a crystalline solid, leading to
dissolution of the solid.

cumulative distribution. For grouped data, a dis
tribution that shows how many of the values
are less than or more than specified values.
For random variables, this term is synony
mous with distribution function.

design alternative. (1) A considered alternative to
a major design feature that is important to
waste isolation. (2) A fimdamentally differ
ent conceptual repository design, which
could stand alone as the License Application
repository design concept.

cumulative probability. The probability that a
random variable will have a value equal to

or less than some specified value.

design bases. Information that identifies the spe
cific functions to be performed by a
structure, system, or component of a facility
and the specific values pr ranges of values

curie. A unit of radioactivity equal to 37 billion
disintegrations per second, abbreviated Ci.
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chosen for controlling parameters as refer
ence bounds for design. These values may
be constraints derived from generally
accepted state-of-the-art practices for
achieving functional goals or requirements
derived from analysis (based on calculation
or experiments) of the effects of a postulated
event under which a structure, system, or
component must meet its functional goals.
The values for controlling parameters for
external events include: (1) estimates of
severe natural events to be used for deriving
design bases that will be based on consider
ation of historical data on the associated
parameters, physical data, or analysis of
upper limits of the physical processes
involved and (2) estimates of severe external
human-induced events, to be used for deriv
ing design bases, that will be based on
analysis of human activity in the region
taking into account the site characteristics
and the risks associated with the event.

devitrification. The conversion of. a glassy sub
stance to a crystalline substance; for
example, the alteration of glass in vitrified
tuff into zeolites.
diagenetie process. The chemical or physical
changes that take place in sediments during
and after they are deposited but before they
consolidate.
diffusion. (1) A process in which substances move*
from regions of higher concentrations to
regions of lower concentrations. (2) The
gradual mixing of the molecules of two or
more substances due to random thermal
motion.
diffusion coefficient. A material's weight, in
grams, as it diffuses in I second through
1 square centimeter of a medium of a deter
mined concentration gradient (i.e., a
medium having a known variability in the
concentration of the substance in solution as
it travels over distance).

design basis event. (1) Natural or human-induced
events that may occur before permanent
closure of the geologic repository's opera
tions area and which are used to assess
system safety. (2) A natural or human
induced event that is expected to occur one
or more times before permanent closure of
the repository (referred to as a Category I
Event) or any other natural or human
induced event that has at least one chance in
10,000 of occurring before permanent
closure of the repository (referred to as a
Category2 Event).

diffusive transport. Movement of molecules or
particles due to their concentration gradient.
Occurs when dissolved or suspended radio
nuclides move from regions of higher or
lower concentration.
dike. A tabular body of igneous rock that cuts
across the structure of adjacent rocks or cuts
massive rocks. Most dikes are caused by the
intrusion of magma. Some dikes occur as
columnar structures.
dilution. The reduction of a dissolved substance's
concentration in a solution caused by an
increase in the solvent's proportion of the
solution. The solvent frequently is water.

design margin. Margins of safety in specifications
for engineered components to account for
uncertainty in the conditions to which the
components will be subjected and for vari
ability in the properties of component
materials. See safety margin.

dispersion (hydrodynamic dispersion). (1) The
tendency of a solute (substance dissolved in
groundwater) to spread out from the path it
is expected to follow if only the bulk motion
of the flowing fluid moved it. (2) The mac
roscopic outcome of the actual movement of
individual solute particles through a porous
medium. Dispersion causes dilution of sol-

desorption. A physical or chemical process by
which a substance that has been adsorbed or
absorbed by a liquid or solid material is
removed from the material.

G-8

0

M

Yucca Mountain Science andEngineeringReport
DOEIRW-0539 Rev. 1
in
radionuclides,
including
utes,
groundwater and is usually an important
mechanism for spreading contaminants in
low flow velocity situations.
dispersivity. The degree to which small particles
of a solid are distributed throughout either a
liquid or another solid.
disposal container. The vessel consisting of the
barrier materials and internal components in
which the canistered or uncanistered waste
form is placed. The disposal container
includes the container barriers or shells,
spacing structures or baskets, shielding inte
gral to the container, packing contained
within the container, and other absorbent
materials designed to be placed internal to
the container or immediately surrounding
the disposal container (i.e., attached to the
outer surface of the container). The filled,
sealed, and tested disposal container is
referred to as the waste package, which is
emplaced underground.
disposal container handling system. System in
the Waste Handling Building that prepares
empty disposal containers for loading,
receives full disposal containers from the
assembly and canister transfer systems,
welds and inspects the containers, and trans
fers them to the waste emplacement system.
The system also receives and handles
retrieved waste packages from the subsur
face and disposal containers that are
defective and routes them to the waste
package remediation system.

dissolution. The dissolving of a solid or gas in a

liquid.
distribution. The overall scatter of values for a set
of observed data. A term used synony
distribution.
mously with frequency
Distributions have probability structures that
are the probability that a given value occurs
in the set.
distribution frequency. A representation. of how
values of an outcome or variable are distrib
uted over the range of expected values.
I

distribution function. A function whose values
are the probabilities that a random variable
assumes a value less than or equal to a spec
ified value. Synonymous with cumulative
distribution.
DOE spent nuclear fuel. Radioactive waste
created by defense activities. The major con
tributor to this waste form is the N Reactor
fuel currently stored at the Hanford Site.
This waste form also includes naval spent
nuclear fuel.
dose. The amount of radioactive energy taken into
(absorbed by) living tissues.
dose equivalent. The product of the absorbed dose
in tissue, quality factor, and all other neces
sary modifying factors at the location of
interest. See effective dose equivalent and
total effective dose equivalent.

disruptive processes and events. An unexpected
process or event that could affect the perfor
mance of the repository, including, for
example, human intrusion, volcanic activ
ity, and seismic activity.

downgradient. The direction that water will tend
to flow as the result of a difference in pres
sure, as indicated by the elevation change in
the potentiometric surface. Based on current
understanding of the hydraulic gradient
below Yucca Mountain, downgradient is
toward the south to southeast of the potential
repository location.

disruptive scenario. A well-defined sequence of
events and processes that could adversely
affect repository performance initiated by a
disruptive process or event.

DCPT. Used as a dual continuum particle tracking
code for modeling transport in dual media,
such as fractures and rock maxtrix.
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drift. From mining terminology, a horizontal
underground passage. Includes excavations
for emplacement (emplacement drifts) and

Eh. A measure of the state of oxidation of a
system. Also known as redox potential or

oxidation-reduction potential.

access (main drifts).
drip shield. A corrosion-resistant engineered
barrier that is placed above the waste
package to prevent seepage water from
directly contacting the waste package for
thousands of years. The drip shield also
offers protection to the waste package from

rockfall.
DRKBA. Software used to apply a numerical tech
nique for solving probabilistic key block
analysis problems in a rock mass according
to probabilistic distnibutions determined
based on tunnel mapping data.
dual permeability conceptual model. A concep
tual model of groundwater flow in which

fractures and rock matrix are represented as
separate, interacting continua, with no
assumption of pressure equilibrium between
fractures and rock matrix. This concept
allows modeling groundwater flow as occur
ring mostly in the fractures, with less flow in
the rock matrix, depending on the degree of
connection between the rock matrix and
fractures and the capillary pressure gradient.
The dual permeability model is one of the
conceptual models for groundwater and heat
flow for fractured, porous media.
effective dose equivalent. The sum of the products
of the dose equivalent received by specified

tissues and the appropriate weighting factors

electrical resistivity tomography. A radiograph
that shows the electrical resistance of a
material within a predetermined plane
section.
electrolyte. A substance (e.g., an acid, base, or
salt) that, when dissolved in a suitable
solvent (e.g., water) or when fused, conducts
electric current by the movement of ions
instead of electrons
empirical model. A model whose reliability is
based on observation and/or experimental
evidence and is not necessarily supported by
any established theory or law. Validity or
applicability of such an empirical model is
normally limited to situations that lie within
the range of the data that were used to
develop the model.
emplacement. The placement and positioning of
waste packages in the repository emplace
ment drifts.
emplacement horizon. The area within the reposi
tory block where emplacement drifts would
be excavated.
engineered barrier. Any component of the engi
neered barrier system, such as the drip
shield, waste package, or invert. See engi
neered barrier system.

applicable to each tissue.
engineered barrier system. The waste packages
and the underground facility, including engi
effective neutron multiplication factor (K#).
neered components and systems other than
or
criti
reactivity
nuclear
A measurement of
the waste package (e.g., drip shields).
cality potential. Equal to the number of
fissions in one generation divided by the
number of fissions in the preceding genera
Environmental Impact Statement. A detailed
tion, in a finite medium.
written statement to support a decision to
proceed with major Federal actions affecting
the quality of the human environment. This
effective porosity. The fraction of a given
is required by the National Environmental
medium's porosity available for fluid flow
Policy Act of 1969. Preparation of an enviand/or solute storage.
G-10
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including those produced by the action or
inaction of operating personnel. Those event
sequences that are expected to occur one or
more times before permanent closure of the
geologic repository operations area are
referred to as Category I event sequences.
Other event sequences that have at least one
chance in 10,000 of occurring before perma
nent closure are referred to as Category 2
event sequences.

ronmental impact statement requires a
public process that includes public meetings,
reviews, and comments, as well as agency
responses to the public comments.
eolian deposit. Material deposited by wind, such
as sand dimes.
EQ316. A computer software code used to estimate

equilibrium mineral phases based on ther
modynamic equilibrium, thermodynamic
disequilibrium, and reaction kinetics.

event tree. A structurally tree-like diagram that is
useful in representing sequences of events
and their possible outcomes. Each node, or
branching point, represents an event, and
each branch from that node represents one of
its possible outcomes. Each possible
pathway along the tree, from beginning to
end of a given line of branching, represents a
specific scenario.

EQ3NR. Aqueous solution speciation-solubility
code component of EQ3/6 that computes
thermodynamic state of a solution.
equivalent continuum model. A conceptual
"modelof groundwater and heat flow that is
also called a composite porosity model. Key
assumptions are that the temperatures and
capillary pressures in the rock matrix and
fractures are equal. Therefore, the fractures
and matrix can be treated as a single com
posite material, and the hydraulic properties
are a combined effect of both fracture and
matrix properties.

expected behavior. (1) The mean value of the
probability distribution describing that
behavior. (2) The nominal behavior of the
repository system and the geologicbarrier in
the absence of disruptive events.
expected value. A variable's mean, or average,

evapotranspiration. The combined processes of
evaporation and plant transpiration that
remove water from the soil and return it to
the air.
event. (1) An occurrence that has a specific start
ing time and, usually, a duration shorter than
the time being simulated in a model.
(2) Uncertain occurrences that take place
within a short time relative to the time frame
of the model.
event sequence. A series of actions and/or occur
rences within the natural and engineered
components of a geologic repository opera
tions area that could potentially lead to
exposure of individuals to radiation. An
event sequence includes one or more initiat
ing events and associated combinations of
repository system component failures,

G.-I

outcome. The weighted average of the
number of possible outcomes, with each

outcome being weighted by its probability of
occurrence. The mean of a probability distri
bution of a random variable that one would
expect to find in a very large, random
sample. The sum of the possible values, each
weighted by its probability-the center of
the random variable's histogram (frequency
distribution).
Exploratory Studies Facility. An underground
laboratory at Yucca Mountain used for per
forming site characterization studies. The
facility includes a 7.9-kmn (4.9-mi) main
loop (tunnel), the 2.8-km (1.7-mi) Enhanced
Characterization of the Repository Block

(ECRB) Cross-Drif,

and a number of

alcoves used for site characterization tests
such as the Drift Scale Test.
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exposure pathway. The course a chemical or
physical agent takes from the source to the
exposed organism; describes a unique mech
anism by which an individual or population
can become exposed to chemical or physical
agents at or originating from a release site.

fissile material Material capable of undergoing
fission with neutrons of any energy, includ
ing thermal, or slow, neutrons. The three
primary materials in this category are
uranium-233, uranium-235, and plutonium
239.

exsolve. To separate or precipitate from a solid
crystalline phase.

fission. The splitting of a nucleus into at least two
other nuclei resulting in the release of two or
three neutrons and a relatively large amount
of energy.

extrusive event. An igneous (volcanic) event
occurring at the surface, i.e., a volcanic
eruption. In repository performance analy
ses, molten material is assumed to intersect
waste packages in the repository and cause a
release of radionuclides. Compare intrusive
event.

fission product. Any nuclide, either radioactive or
stable, that arises from fission, including
both the primary fission fragments and their
radioactive decay products. Also daughter
product, decay product.
FLAC. A specialized computer code developed to
solve soil and rock mechanics problems. It is
used in conjunction with TOUGH to form a
code to
thermal-hydrologic-mechanical
analyze those coupled effects.

fault. (1) A fracture in rock along which move
ment of one side relative to the other has
occurred. (2) A fracture or a fracture zone in
crustal rocks along which there has been
movement of the fracture's two sides rela
tive to one another, so that what were once
parts of one continuous rock stratum or vein
are now separated.

flow field. A fluid's distribution in and through an
area, including its velocity and density, as a
function of position and time.
flux. The rate of transfer of fluid, particles, or
energy passing through a unit area per unit
time.

fault displacement. Rupture along the main plane
(or planes) of crustal weakness such that the
two sides of a fault move relative to one
another.

footwall. The rock beneath a fault, bedded deposit,
vein, or mine working.
fracture. A break in rock caused by mechanical
stresses. A fracture along which there has
been displacement of the sides relative to
one another is called a fault. A fracture
along which no appreciable movement has
occurred is called a joint.

fault source. Fractures in the earth's crust with
characteristics that indicate past movement
of one side of the fracture relative to the
other side.
FEHIM. A finite element heat and mass transport
computer software code that is used for satu
rated zone flow and transport and unsatur
ated zone transport calculations.

fracture continuum. A continuum that represents
fluid flow and transport through numerous
individual fractures by approximating them
as continuous flow and transport fields.

film flow. Movement of water as a thin film along
a surface.
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fracture permeability. The capacity of a rock to
transmit fluid through fractures in the rock.
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gantry. A hoisting machine that slides along a
fixed platform or track, either raised or at
ground level.

frequency distribution. Data grouped into classes
(or ranges of values within the overall set of
values, such as I to 5, 5 to 10, 10 to 20, etc.),
with the classes listed in a table (or other
format) showing the number of data points
that occur in each class.

GENII-S. A quasi-stochastic computer software
code used to evaluate the dose from the
migration of radionuclides in the biosphere
that may affect humans through ingestion,
inhalation, and direct radiation. It is used to
develop biosphere dose conversion factors.

fuel assembly. A number of fuel rods held together
by plates and separated by spacers, used in a
reactor. This assembly is sometimes called a
fuel bundle.

geologic repository. A system for the disposal of
radioactive waste in excavated geologic
media. A geologic repository includes the
engineered barrier system and the portion of
the geologic setting that provides isolation
of the radioactive waste.

fuel blending. The process of loading low heat
output waste with high heat output waste in
a waste package to balance its total heat
output. This process applies only to com
mercial spent nuclear fuel.

geologic repository operations area. A high-level
radioactive waste facility that is part of a
geologic repository, including both surface
and subsurface areas, where waste handling
activities are conducted.

fuel blending Inventory. The reserve of commer
cial spent nuclear fuel that will be
inventoried in pools in the Waste Handling
Building Annex. The spent nuclear fuel will
be inventoried in the pools until selected,
according to heat output, for fuel blending.

glacial transition. One of the climate states of the
future climate model for Yucca Mountain;
others examples include modem and
monsoon climates.

fuel matrix. The physical form and composition of
the substance that holds the fissile material.
fugacity. A parameter that measures the chemical
potential of a real gas in the same way that
partial pressure measures the free energy of
an ideal gas.

GoldSim. A software code used as a probabilistic
shell for the TSPA component models that,
in combination, simulate potential long-term
behavior of the repository.

galvanic corrosion. Electrochemical corrosion
caused by the flow of electricity that occurs
when two dissimilar metals with differing
electrical potentials are near each other in
the presence of a conductor such as water
with solutes in it.

ground control. Support of rock in the subsurface
of the repository (e.g., rock bolts and steel
sets).

gamma radiation. Electromagnetic radiation
emitted during the radioactive decay pro
cess. The gamma ray is the most penetrating
wave of radiant nuclear energy. It does not
contain particles and can be stopped by
dense materials such as concrete or lead.
gamma radiolysis. The breakdown of molecules
through exposure to gamma radiation.

ground support. The system (rock bolt with wire
mesh, steel cast, etc.) used to line the main
and emplacement drifts to minimize rock or
earth falling into the drifts.
groundwater. Water contained in pores or frac
tures in either the unsaturated or saturated
zones below ground level.
groundwater flux. The rate of groundwater flow
. through a unit area of the aquifer.
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host rock. (1) The rock unit in which the potential
repository would be located. For a reposi
tory at Yucca Mountain, the host rock would
be the middle portion of the of the Topopah
Spring Tuff of the Paintbrush Group. (2) The
geologic medium in which the waste is
emplaced.

half-life. The time in which half the atoms of a
radioactive substance decay to another
nuclear form. Half-lives range from mil
lionths of a second to millions of years,
depending on the stability of the nuclei.
heat exchanger. A device that transfers heat from
one medium or system to another, for exam
ple, heat from hot fluid contained in a
radiator dissipates when the metal walls of
the device come in contact with cold air.

human intrusion. Breaching of any portion of the
Yucca Mountain disposal system within the
repository footprint by any human activity.

heat pipe. A zone characterized by a continuous
process of boiling, vapor transport, conden
sation, and migration of water back to the
heat source.
heterogeneous. Being composed of parts or ele
ments of different kinds, such as a mixture
of liquid-vapor or liquid-vapor-solid. A
condition in which the value of a parameter,
such as porosity of rock, varies over space
and time.
high-level radioactive waste. The highly radioac
tive material resulting from the reprocessing
of spent nuclear fuel, including liquid waste
produced directly in reprocessing; and any
solid material derived from such liquid
waste that contains fission products in suffi
cient concentrations; and other highly
radioactive material that the U.S. Nuclear
Regulatory Commission determines by rule
requires permanent isolation.
high-level radioactive waste glass. The waste
form of high-level radioactive waste in
which the radioactive waste is mixed with
borosilicate glass.
Holocene. The most recent epoch of geologic time
that extends from the end of the Pleistocene
to the present, or approximately the past
10,000 years; also the series of rocks and
deposits formed during that time.

human intrusion scenario. A disruptive event
assessed in a separate TSPA according to
specific characteristics defined by the U.S.
Nuclear Regulatory Commission in 10 CFR
63.113(d). According to the U.S. Nuclear
Regulatory Commission rule at 10 CFR
63.322, the human intrusion scenario
assumes that a drill penetrates the repository
and a waste package during exploratory
drilling for groundwater resources. The U.S.
Nuclear Regulatory Commission rule
requires a determination of the earliest time
after disposal that the waste package would
degrade sufficiently that a human intrusion
could occur without recognition by the drill
ers (10 CFR 63.321).
hydraulic conductivity. A measure of the ability
to transmit water through a permeable
medium. A number that describes the rate at
which water can move through a permeable
medium. The hydraulic conductivity
depends on. the size and arrangement of
water-transmitting openings such as pores
and fractures, the dynamic characteristics of
the water such as density and viscosity, and

the driving force.
hydraulic gradient. The difference in the height of
water levels with respect to the distance
between two locations.
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hydraulic head. .The pressure in the liquid
expressed as equivalent height (head) of the
water column.
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igneous. (1) A type of rock that has formed from a
molten, or partially molten, material. (2) A
type of activity related to the formation and
movement of molten rock either in subsur
face (plutonic) or on the surface (volcanic).

hydrogen embrittlement. A process resulting in a
decrease of fracture toughness or ductility of
a metal due to the presence of hydrogen.
hydrogen-induced cracking. Occurs when atomic
hydrogen generated at the surface of a metal
migrates into the metal and forms hydride
phases with the metal components, causing
the metal to be more brittle. Hydride phases
cause the metal to be more susceptible to
cracking, and, thus, to localized corrosion.
Also hydride cracking.

imbibition. The absorption of a fluid, usually
water, by porous rock (or other porous mate
rial) under the force of capillary attraction
and without pressure.
in situ. In its natural position or place. The phrase
distinguishes in-place experiments, con
ducted in the field or underground facility.

hydrogeologic nomenclature. A stratigraphic
nomenclature system used for the classifica
tion of rock at Yucca Mountain based on the
hydrogeologic properties that govern the
rock's capacity to hold, transmit, and deliver
water. Comparelithostratigraphic nomencla
ture and thermomechanical nomenclature.

indurated. Of a rock, characterized by a solid,
hard structure, hardened by pressure, heat,
or cementation.
INFIL. A numerical software code used to analyze
infiltration of precipitation.

hydrologic properties. Those properties of a rock
that govern the capacity to hold, transmit,
and deliver water, such as porosity, effective
porosity, specific retention, permeability,

Initiating event. A natural or human-induced
event that causes an event sequence.

and the directions of maximum and

infiltration. The process of water entering the soil
at the ground surface and the ensuing move
ment downward. Infiltration becomes
percolation when water has moved below
the depth at which it can be removed (to
return to the atmosphere) by evaporation or
evapotranspiration.

minimum permcabilities.
hydrostatic pressure. The pressure, measured at a
point in a fluid, due solely to the weight of
the fluid in the column above the point.
hygroscopic salt. Of a substance, absorbing or
attracting moisture from the air; having an
affinity for moisture.

Intrablock faults. Faults (i.e., rock fractures
having experienced movement along their
plane) found within a block of rock; in this
case, within the repository block, which is
located within the Topopah Spring Tuff
formation.

hypogene. Of or pertaining to a substance formed
by ascending solutions within the earth, e.g.,
ore or mineral deposits. Occurring. or
forming within or below the Earth's crust.
hysteresis. The dependence of system behavior on
its history; in particular, failure to return to
initial conditions following retraction of
stimulus.

Intrusive event. An igneous event occurring at the
underground. In repository performance
analyses, molten material is assumed to
intersect waste packages in the repository
and cause a release of radionuclides.
Compare extrusive event.
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inverse modeling. The model calibration process
by which values of important model parame
ters are estimated and optimized to produce
the best fit of the model output to the
observed data.
Invert. (1) The floor of a drift. (2) The structure
constructed in a drift to provide the floor of
that drift. In an emplacement drift, ballast in
the invert serves as a barrier to migration of
radionuclides that might escape from
breached waste packages.

isotope. (1) Atoms of a chemical element with the
same atomic number. (2) One of two or
more atomic nuclei with the same number of
protons (i.e., the same atomic number) but
with a different number of neutrons (i.e., a
different atomic weight). For example,
uranium-235 and uranium-238 are both iso
topes of uranium.
isotropy. The condition wherein all significant
physical properties are equal when measured
in any direction or along any axes. See

anisotropy.

Ion-exchange resins. (1) Any of a number of (usu
ally organic) materials that are capable of
exchanging the included ions with ions in a
surrounding solution; used for deionizing
water or for chromatography of organic mol
ecules. (2) A synthetic resin that can
combine or exchange ions with a solution;
such a resin produces the exchange of
sodium for calcium ions in the softening of
hard water.

J-13 water. Groundwater taken from Well J-13 or
water made in a laboratory that has the same
chemical composition. The chemical com
position of this water is used as the standard
for Yucca Mountain ambient groundwater
composition for modeling and testing
purposes.

ionic strength. A measure of the level of electrical
force in an electrolytic solution.

joint set. In a rock mass, a group of parallel joints
(fractures without displacement).

Ionizing radiation. (1) Alpha particles, beta parti
cles, gamma rays, x-rays, neutrons, high
speed electrons, high-speed protons, and
other particles capable of producing ions.
(2) Any radiation capable of displacing elec
trons from an atom or molecule, thereby
producing ions.

juvenile failure. (1) Premature failure of a waste
package because of material imperfections
or damage by rockfall during emplacement.
(2) In modeling, a breach in the waste
package artificially set to occur early in
order to provide insight into system perfor
mance. This term is distinguished from
mechanistically possible early failures.

irreducible uncertainty. Uncertainty that cannot
be further reduced, given current best
knowledge, expert insights, and calcula
tional abilities.

key technical issues. Issues important for assess
ing the long-term safety of a potential Yucca
Mountain repository, as defined by the U.S.
Nuclear Regulatory Commission (NRC).
The issues are (a) Support Revision of the
U.S. Environmental Protection Agency
Standard/NRC Rule Making; (b) Total
System Performance Assessment and Tech
nical Integration; (c) Igneous Activity-, (d)
Unsaturated and Saturated Flow Under Iso
thermal Conditions; (e) Thermal Effects on
Flow; (f) Container Life and Source Term;

joint. A fracture in rock, usually more or less verti
cal to bedding, along which no appreciable
movement has occurred.

Irreversible colloid. A colloid with permanently
attached radionuclides.
isothermal seepage. The flow of water into a drift
under ambient conditions with constant
temperature.
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mathematical equation that describes a line.
A relationship between two variables such
that the dependence of one variable on the
other can be described by (the equation of) a

(g) Structural Deformation and Seismicity;
(h) Evolution of Near-Field Environment;
(i) Radionuclide Transport; (j) Repository
Design and Thermal Mechanical Effects.

straight line.

Large Block Test. A prototype test of thermal
mechanical processes at Yucca Mountain in

linear stepwise regression. An analysis designed
to determine variables that have the greatest
influence on an output value (e.g., peak dose
rate) when there'are many variables whose
input values go into the calculation. In
simple terms, a linear regression is per
formed for a line in a multidimensional
space, and the correlation of the values of
different variables to the line are examined
by performing the calculation multiple times
and varying the value of one variable at a
time while holding the others constant. This
is a stepwise process in which one variable
at a time is examined to determine the
impact of its influence on the final outcome

the middle nonlithophysal zone of the
Topopah Spring unit. The test was to
develop testing approaches for thermal
hydrologic and other coupled processes.
laser peening. Process of applying laser-generated
compressive stresses to the welds of the
waste package lids. Hardens the weld and
reduces remaining tensile stresses.
Latin hypercube sampling. A sampling technique
that divides the cumulative distribution
function into intervals of equal probability
and then samples from each interval.

(peak dose rate, for instance).
Latin square. A method for ordering the observa

tions of an experiment in an n x n square

lithologic. Pertaining to rock features such as
color, texture, mineral content, and weather
ing characteristics.

array of n different symbols, where each
symbol appears once in each row and once
in each column.

lithophysae. Small, bubble-like holes in the rock
caused by volcanic gases trapped in the rock
matrix as the ash-flow tuff cooled.

license application. An application to the Nuclear
Regulatory Commission (NRC) to construct
a geologic repository operations area for the
disposal of spent nuclear fuel and high-level

radioactive waste. The"application would be

lithophysal. Pertaining to tuff units with lithophy
sae, voids having concentric shells of finely
crystalline alkali feldspar, quartz, and other
materials that were formed by entrapped gas
that later escaped.

considered by the U.S. Nuclear Regulatory
Commission in any decision whether to
grant the U.S. Department of Energy autho

rization to begin constructing a geologic
repository operations area.
line loading. Placing the waste packages at very
close distances end-to-end to achieve a more
uniform thermal profile along the length of
the emplacement drifts. Comparepoint load
ing; see thermal loading.
linear regression. A regression where the relation
ship between the (conditional) mean of a
random variable and one or more indepen
dent variables can be expressed by the

lithostratigraphic nomenclature. A stratigraphic
nomenclature system used for the classifica
tion of rock at Yucca Mountain based on
primary geologic processes (e.g., the deposi
tional character and assemblage of the rock)
and secondary geologic processes (e.g., the
degree of welding, devitrification, and
Compare
crystallization).
vapor-phase
hydrogeologic nomenclature and thermo
mechanical nomenclature.
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loading curve. A function of the average bumup
versus initial enrichment of a fuel assembly,

byproduct tailings containing uranium or
thorium from processed ore. Usually gener
ated by hospitals, research laboratories, and
certain industries.

which provides the necessary information on
whether a fuel assembly can be loaded, unal
tered, into a standard waste package without
concern for criticality. See bumup.

main drift. (1) One of four main access tunnels in
the potential repository design. Also access
main. (2) The main north-south trending
drift segment in the current Exploratory
Studies Facility.

localized corrosion. A type of corrosion induced
by local variations in electrochemical poten

tial on a microscale over small regions.
Variations in electrochemical potential may
be caused by localized irregularities in the
structure and composition of usually protec

mass spectrometry. A technique for identifying
chemical structures in a material. The tech
nique involves sending a beam of ions

tive passive films on metal surfaces and in
the electrolyte composition of the solution
that contacts the metal.

through a combination of electric and mag
netic fields, which deflects ions according to
their masses, indicating the atoms and
molecules.

log normal distribution. A distribution of a
random variable x such that the natural loga
rithm of x is normally distributed.

matrix. Rock mass between explicitly considered
fractures.

logic tree methodology. An analytical approach
that involves sequencing the studies in an
analysis and then addressing certain
attributes in each study

matrix diffusion. The process by which molecular
or ionic solutes, such as radionuclides in
groundwater, move from areas of higher

longitudinal dispersion. Dispersion of a solute
moving in groundwater in the same direction
as the groundwater flow path.

spaces of the rock material as opposed to
movement through the fractures.

concentration to areas of lower concentra
tion. This movement is through the pore

matrix permeability. The capacity of the matrix to
transmit fluid.

long-term-average climate. The conditions used
to represent climate changes through time.

Representative of the expected typical

matrix porosity. In the solid, but porous, portion
of rock, the- ratio of openings, or voids, to
the total volume of the matrix expressed as a
decimal fraction or as a percentage.

climate conditions at Yucca Mountain, with
precipitation twice that of the present-day
climate.
lookup table. A multidimensional table containing
columns of data representing relationships
between parameters in the table. A lookup
table is a convenient way to represent and
implement functional relationships between
parameters considered in the model.

mean. For a statistical data set, the sun of the
values divided by the number of items in the
set. The arithmetic average.
mechanical dispersion. As a process for transport,
a type of dispersion by means of physical
forces.

low-level radioactive waste. Radioactive waste
producing small quantities of ionizing radia
tion and that is not classified as high-level
radioactive waste, transuranic waste, or

G-18

median. A value such that half of the observations
are less than that value and half are greater
than the value.
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repairing, rehabilitating, or restoring the
affected environment. (4) Reducing or elimi
nating an impact over time by preservation
and maintenance operations during the life
of the action. (5) Compensating for an
impact by replacing or providing substitute
resources or environments.

mentscal flow. Flow of a curved-surface fluid, the
curved free surface being due to surface
tension and the shape of the solid the fluid
flows over.
meteoric water. Groundwater that originates in the
atmosphere and percolates to the saturated
zone.

mixed waste. Waste containing both radioactive
hazardous substances and nonradioactive
hazardous substances, regardless of whether
these types of substances are combined
chemically or mixed together.

metric ton heavy metal (MTHEM). A metric ton is
a unit of mass equal to 1,000 kg (2,205 lb).
Heavy metals are those with atomic masses
greater than 230. Examples include thorium,
uranium, plutonium, and neptunium. The
term usually pertains to heavy metals in
spent nuclear fuel and high-level radioactive
waste. In this document, MTHM is equal to

model. (I) A conceptual description and the asso
ciated mathematical representation of a
system, subsystem, component, or condi
tion that is used to predict changes from a
baseline state as a function of internal and/or
external stimuli and as a function of time
and space. (2) A depiction of a system, phe
nomenon, or process including any
hypotheses required to describe the system
or explain the phenomenon or process.

MTU (metric tons of uranium).
microbially Influenced corrosion. Corrosion of
the waste package that is induced by the

activity of microbes.
microsphere. Spheres of carboxylate-modified
latex of varied diameters between 280 to
640 rn (0.000011 to 0.000025 in.), used as
colloid tracers in the C-Wells testing.

model validation. A process used to establish con
fidence that a conceptual model represented
in a mathematical model by software or by
other analytical means adequately represents
the phenomenon, process, or system under
consideration.

millirem (mrem). A millirem is one one-thou
sandth of a rem, which is the unit of
equivalent dose. Equivalent dose is a
measure of the effect that radiation has on
humans. The equivalent dose takes into
account the type of radiation and the
absorbed dose. See rem.

moderator. Material that contains nuclei that cause
energetic neutrons to slow down. In general,
the lighter the element, the better it works as
a moderator. Hydrogen, the lightest element,
is a very efficient moderator, since water
contains hydrogen nuclei, it, too, is a very
effective moderator.

.MING Model code used to estimate impact of
microbes on the near-field environment
geochemistry.
Miocene Epoch. The fourth of the five geologic
epochs of the Tertiary Period, extending
from the end of the Oligocene Epoch to the
beginning of the Pliocene Epoch.
mitigation. (1) Avoiding an impact by not taking a
certain action or parts of an action.
(2) Minimizing impacts by limiting the
degree or magnitude of the action and its
implementation. (3) Rectifying an impact by

modern climate. One of the climate states of the
future climate model at Yucca Mountain;
others include monsoon and glacial transi
tion. Consists of two active components, the
tropical and polar air masses, and a more
passive component, the westerlies.
moial. Of a solution, containing one mole of solute
per one kilogram of solvent. See mole.
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mole. The fundamental unit used to measure the
amount of a substance. Avogadro's number
of particles (6.023 x 1023).

muck. Material excavated from a mine or geologic
repository.

molecular diffusion. The transfer of mass in a
fluid by random molecular motion.

MULTIFLO. A computer software code used by
the U.S. Nuclear Regulatory Commission to
simulate the flow of groundwater and heat in
unsaturated porous and fractured media. The
code MULTIFLO is similar to TOUGH2.

monitored geologic repository. A system, requir
ing licensing by U.S. Nuclear Regulatory
Commission,' intended or used for the per
manent underground disposal of spent
nuclear fuel and high-level radioactive
waste. A geologic repository includes (a) the
geologic repository operations area, and
(b) the geologic setting within the controlled
area that provides isolation of the radioac
tive waste.
monsoon climate. One of the climate states of the
future climate model at Yucca Mountain;
others include modem and glacial transition.
Monte Carlo simulation. An analytical method
that uses random sampling of parameter
values available for input into numerical
models as a means of approximating the
uncertainty in the process being modeled. A
Monte Carlo simulation comprises many
individual runs of the complete calculation
using different values for the parameters of
interest as sampled from a probability distri
bution. A different final outcome for each
individual calculation and each individual
run of the calculation is called a realization.
Each realization is equally likely to occur in
the Monte Carlo process.
mountain scale. (1) Similar to far-field for pro
cesses that are related to the area of the
geosphere and biosphere far enough away
from the repository that, when numerically
modeled, show that releases from the reposi
tory are represented as a homogeneous,
single source term. The effects of individual,
small-scale components such as individual
waste packages are not modeled because
they are considerably smaller than the scale
of the model. (2) A scale of hundreds of
.meters, or even kilometers, as. opposed to
tens of meters.
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natural barriers. The physical components of the
geologic environment that individually and
collectively act to limit the movement of
water or radionuclides.
near field. The area and conditions within the
repository including the drifts and waste
packages and the rock immediately sur
rounding the drifts. The region around the
repository where the natural hydrogeologic
system has been significantly impacted by
the excavation of the repository and the
emplacement of waste.
net infiltration. The water that has infiltrated
down from the soil zone or exposed rock
surface to a depth below which it cannot be
removed by evapotranspiration. Net infiltra
tion is the total infiltration at the surface
minus water lost to evaporation and plant
transpiration.
neutron absorber. A material (such as boron or
gadolinium) that absorbs neutrons. Used in
nuclear reactors, transportation casks, and
waste packages to control neutron activity.
neutron logging. The analysis of the water content
of soil and rocks in a borehole by means of
neutron bombardment and the measurement
of the reflected radiation.
nominal scenario or nominal case. The perfor
mance assessment case, or conceptual
model, representing the expected conditions
of the disposal system as perturbed only by
the presence of the repository, in the absence
of disruptive events.
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administration the individual has received,
from voluntary participation in: medical
research progranis, or as a member of the
public.

nonstandard fuel. For the purpose of this docu
ment, nonstandard fuel is defined as
commercial spent nuclear fuel assemblies,
single-assembly canisters, and packages that
satisfy the following criteria: (I) the
maximum nominal physical dimensions are
larger than those of intact light-water reactor
standard fuel assemblies; (2) assemblies,
canisters, or packages that require special
handling other than with standard fuel
assembly transfer equipment; (3) non-power
reactor fuel assemblies that are not packaged
in sealed canisters; (4) consolidated fuel
rods that require reconfiguration or repack
aging; (5) failed fuel assemblies with
damaged cladding, structural deformations,
or high levels of contamination resulting
from released radioactive particulates and
activated corrosion products (crud).

one-off sensitivity analysis. A method used to

examine the effects of each component
model or parameter on overall system per
formance. These analyses are conducted by
fixing one important parameter of a particu
lar component model at either its expected
value, the median (or 50h percentile value),
or at a specified extreme value (the 5d' or
95d percentile value). These analyses are
used to display the effect of the change on
other measures of system or subsystem per
formance, as well as the effect on the
variance of the projected dose history. By
fixing a particular parameter that signifi
cantly affected the spread of the overall

system performance results, it was possible

NUFT. A nonisothermal unsaturated zone flow and

to directly examine the significance of that
parameter on the performance outcome.

transport software code used for simulation
of three-dimensional flow of groundwater,
heat, and contaminant transport. It is used
for drift-scale thermal-hydrologic calcula
tions.

order of magnitude. A range of numbers extend
ing from some value to 10 times that value.
ORIGEN. Family of software codes that simulate
radionuclide decay and estimate buildup and
depletion of isotopes in reactor fuel.

numerical model. An approximate representation
of a mathematical model that is constructed
using a numerical description method, such
as finite volumes, finite differences, or finite
elements. A numerical model is typically
represented by a series of program state
ments that are executed on a computer.

overpack. A secondary container used to hold or
contain one or more smaller canisters.
oxidation. (I) A chemical reaction, such as the
rusting of iron, that increases the oxygen
content of a substance. (2) A reaction in
which the valence of an element or com
pound is increased as a result of losing
electrons.

observation drift. A drift near an emplacement
drift, from which conditions in the emplace
ment drifts can be observed without adverse
effects from radiation or temperature.

0

occupational dose. The radiation dose received by
an individual in the course of employment in
which the individual's assigned duties
involve exposure to radiation or to radioac
tive material from sources of radiation,
whether in the possession of the licensee or
other person. Occupational dose does not
include, for example, dose received from
background radiation, from any medical

paleoclimate. The climate of a past interval of
geologic time.
Paleozoic. (1) A geologic era extending from the
end of the Precambrian to the beginning of
the Mesozoic, dating from about 600 to
230 million years ago. (2) The rock strata
formed during this era.
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patch. For corrosion modeling, one of two geome
tries for an opening in a waste package layer
created by corrosion (the other geometry is a
pit). A patch is generally wider than it is
deep.
pedogenic. Of or pertaining to the formation of
soil; soil-forming.
perched water. Groundwater of limited lateral
extent separated from an underlying body of
groundwater by an unsaturated zone.
percolating water. Water passing through a porous
substance. In rock or soil it is the movement
of water through the interstices and pores
under hydrostatic pressure and the influence
of gravity. The downward or lateral flow of
water that becomes net infiltration in the
unsaturated zone.
percolation. The downward or lateral flow of
water that becomes net infiltration in the
unsaturated zone.
percolation flux. (1) Volumetric percolation rate
per unit area. The flux anywhere below the
root zone of plants and is no longer suscepti
ble to removal back into the atmosphere by
evapotranspiration. (2) Volume of water
moving downward or laterally through the
unsaturated zone in a given period.
performance assessment. An analysis that fore
casts the behavior of a system or system
component under a given set of constant
and/or transient conditions. Performance
assessment includes estimates of the effects
of uncertainties in data and modeling. See
total system performance assessment

person-rem. A unit used to measure the radiation
exposure to an entire group and to compare
the effects of different amounts of radiation
on groups of people; it is the product of the
average dose equivalent (in rem) to a given
organ or tissue multiplied by the number of
persons in the population of interest.
phase stability. A measure of the ability of matter
to remain in a given phase.
phreatie. Of, pertaining to, or deriving from
groundwater
phreatophytic plant. A very deep-rooted plant
that obtains its water from perched water or
from the saturated zone.
pit. For corrosion modeling, one of two geometries
for an opening in a waste package layer
created by corrosion (the other geometry is a
patch). A pit is generally deeper than it is
wide.
Pitzer approach. An analytic technique using the
Pitzer equation, which estimates the amount
of heat produced by the vaporization of
organic and simple inorganic compounds.
playa. A nearly level area at the bottom of an
undrained desert basin, sometimes tempo
rarily covered with water.
Pliocene. The last of the five geologic epochs of
the Tertiary Period, extending from the end
of the Miocene to the beginning of the Pleis
tocene, and the rocks formed during that
time.

permeability. In general terms, the capacity of a
medium (like rock, sediment, or soil) to
transmit liquid or gas.
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plume. A measurable discharge of a contaminant,
such as radionuclides, from a point of origin.
The contaminants are usually moving in
groundwater, and the plume may be defined
by concentration gradients.

0

Yucca Mountain Science and EngineeringReport
DOE/RW-0539 Rev. I
the atmosphere and reaches the earth's sur
face. (3) An amount of water that has fallen
at a given point over a specified period of
time, measured by a rain gauge.

plume of contamination. That volume of ground
water in the predominant direction of
groundwater flow that contains radioactive

contamination from releases from the Yucca
Mountain repository. It does not include
releases from any other potential sources on
or near the Nevada Test Site.

preclosure. The period of time before and during
closure of the Yucca Mountain disposal
system.

pluvial. In climatology: relating to former periods
of abundant rains, especially in reference to
glacial periods. In geology: Said of a geo
logic episode, change, process, deposit, or
feature caused by the action or effects of
rain.

preclosure safety evaluation. A preliminary
assessment of the adequacy of repository
support facilities to prevent or mitigate the
effects of postulated initiating event
sequences and their consequences and the
site, structures, systems, components, equip
ment, and operator actions that would be
relied on for safety.

point loading. An emplacement drift design in
which waste packages are spaced away from
each other along the drift. Compare line

pressurized water reactor. A type of nuclear
power reactor that uses uranium fuel ele
ments cooled and moderated by water under
high pressure to keep the water from boiling.
The water boiled to generate steam is in an
external heat exchanger rather than in the
reactor vessel body.

loading; see thermal loading.
point of compliance. The place where the DOE
must project the amount of radionuclides in
the groundwater as defined by proposed 40
CFR 197.
pore water. The water and any material it is carry
ing that exist in the pore spaces of the rock
matrix. Also pore fluid.

probabilistic analyses. Analyses in which uncer
tainty in processes and events is represented
through probability distributions for the
parameters of those processes and events.

porosity. The ratio of openings, or voids, to the
total volume of soil or rock, expressed as a
decimal fraction or as a percentage.

probabilistic risk assessment. (1) A systematic
process of identifying and quantifying the
consequences of scenarios that could cause a
release of radioactive materials to the envi
ronment. (2) Using predictable behavior to
define the performance of natural, geologic,
human, and engineered systems for thou
sands of- years into the future using
probability distributions.

postclosure. The period of time after closure of the
geologic repository.
potentiometric. Pertaining to the distribution of
groundwater level.
precipitate. A solid particle that has separated
from a liquid as a result of physical or chem
ical changes.
precipitation. (I) The process of substance
coming out of solution by the action of
gravity or by a chemical reaction. (2) Any
form of water particles, such as frozen water
in snow or ice crystals, or liquid water in
raindrops or drizzle, that falls from clouds in

probability-density function. A frequency distri
bution such that the bars of a histogram that
would represent it are so narrow that their
tops would form a smooth curve if con
nected by a line. This type of distribution
can be made if the number of observations
of the value of a continuous random variable
increases indefinitely, and the width of the
range represented by each class (class inter-
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val) becomes smaller and smaller. The area
under the density function curve between
any two points on the curve represents the
probability that the value of the random vari
able will lie between these two values.

facilities and transportation systems required
to receive and ship rail and truck waste ship
ments, prepare shipping casks for handling,
and load waste forms into disposal contain
ers for underground emplacement. It also
includes the facility and systems required to
treat and package site-generated, low-level
radioactive waste for offsite disposal.

process model. A depiction or representation of a
process along with any hypotheses required
to describe or to explain the process.
pseudocollold. A colloid from natural or man
made materials, as distinguished from a
colloid from insoluble radionuclides (intrin
sic colloid) or from altered fragments of
spent nuclear fuel or glass waste forms
(waste-form colloid). See colloid.
pyroclastic. Of or relating to clastic rock material
of any size that is formed by volcanic explo
sion or ejected from a volcanic vent.
Quaternary. The second period of the Cenozoic
Era, beginning about 2 million years ago at
the end of the Tertiary Period and extending
to the present.
rad (radiation absorbed dose). A unit of an
absorbed dose of radiation equivalent to
100 ergs per gram
radioactive decay. The process in which one radi
onuclide spontaneously transforms into one
or more different radionuclides called decay
products or daughter products.
radioactive waste. High-level radioactive waste
and other radioactive materials, including
spent nuclear fuel, that are received for
emplacement in the geologic repository.
radioactivity. The property possessed by some
elements (e.g., uranium) of spontaneously
emitting alpha, beta, or gamma rays by the
disintegration of atomic nuclei.
Radiologieally Controlled Area. An area of the
surface repository enclosed by security
fences, control gates, lighting, and access
detection systems. This area includes the

radiolysis. The chemical dissociation of molecules
caused by exposure to radiation. For exam
ple, under certain circumstances, radiation
can cause the hydrogen and oxygen mole
cules in water to separate.
radiolytic corrosion. The process of dissolving or
wearing away gradually caused by chemical
changes associated with exposure to radia
tion (i.e., radiolysis).
radionuclide. A radioactive atom with an unstable
nucleus that spontaneously decays, emitting
ionizing radiation in the process.
raise. From mining terminology, an upward open
ing, either vertical or inclined, driven in rock
from one level to that above it.
reasonably maximally exposed Individual
(RMEI). Under the U.S. Nuclear Regula
tory Commission rule, a hypothetical person
who meets the following criteria: (1) lives in
the accessible environment above the
highest concentration of radionuclides in the
plume of contamination; (2) has a diet and
living style representative of the people who
now reside in the Town of Amargosa Valley,
Nevada (the DOE must use projections
based upon surveys of the people residing in
the Town of Amargosa Valley, Nevada, to
determine their current diets and living
styles and use the mean values of these
factors in the assessments conducted for 10
CFR 63.311 and 63.321); (3) uses well water
Wvith average concentrations of radionuclides
based on an annual water demand of 3,000
acre-ft; (4) drinks 2 L (0.53 gal) of water per
day from wells drilled into the groundwater
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reversible colloid. A colloid to which radionu
clides are reversibly bound.

at the location specified in the regulations;
and (5) is an adult with metabolic and physi
ological considerations consistent with
present knowledge of adults.

revised supplemental TSPA model. The model
used in supplemental calculations of total
system performance assessment as docu
mented in Total System PerformanceAssess
ment-Analyses for Disposal of Commercial
andDOE Waste Inventories at Yucca Moun
tain-Input to Final Environmental Impact
Statement and Site Suitability Evaluation.
The model is a modification of the supple
mental TSPA model that conforms to the
requirements of the final U.S. Environmen
tal Protection Agency rule at 40 CFR Part
197. This model was also used in sensitivity
analyses in Total System Performance
Assessment Sensitivity Analyses for Final
Nuclear Regulatory Commission Regula
tions to address provisions of the final
Nuclear Regulatory Commission rule at 10
CFR Part 63. See total system performance
assessment. Compare TSPA-SR model and
supplemental TSPA model.

recharge. The movement of water from an unsat
urated zone to the saturated zone.
reference biosphere. The description of the envi
ronment inhabited by the reasonably
maximally exposed individual. The refer
ence biosphere comprises the set of specific
biotic and abiotic characteristics of the envi
ronment, including bit not necessarily
limited to climate, topography, soils; flora,
fauna, and human activities.
reflux water. Water that is vaporized near waste
packages, migrates to cooler areas, con
denses, and then flows back toward the
waste packages.
regression analysis. The analysis of a paired
dependent variable and the independent
variable upon which it depends to quantify

the relationship.

rhyolite. A volcanic rock type with a chemical
composition similar to granite.

rem (roentgen equivalent man). The unit of a
dose equivalent from ionizing radiation to
the human body. It is used to measure the
amount of radiation to which a person has
been exposed.

risk. The probability that an undesirable event will
occur multiplied by the consequences of the
undesirable event.
risk assessment. An evaluation of risks associated
with a potential system or action. This
assessment focuses on potential impacts on
human health or the environment.

repository block. The portion of rock in Yucca
Mountain that would house the repository if

the site is found suitable.
repository footprint. The outline of the outermost
locations of where the waste is emplaced in
the Yucca Mountain geologic repository.

roadheader. An underground excavating machine
that uses either a transverse or in-line cutter
head for excavations.

retardation. Slowing of radionuclide movement in
groundwater by mechanisms that include
sorption of radionuclides, diffusion into rock
matrix pores and microfractures, and trap
ping of large colloidal molecules or particles
in small pore spaces or dead ends of
microfractures.

runoff. Water from rain and snow that flows over
land to streams.
run-on. The volume or depth of the routed surface
water flow..
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safety case. The set of data and analyses that, col
lectively, are intended to provide the reason
able assurance that a successful license
application would require.

seepage threshold. A critical percolation flux
below which seepage into the openings is
unlikely to occur.
seismicity. A seismic event or activity such as an
earthquake or vibratory motion.

safety margin. The difference between expected
performance and the regulatory limit for that
performance. See design margin.

semiarid. Of a climate: having precipitation, only
sufficient for growth of sparse vegetation; a
region in which the annual precipitation is
about 250 to 500 mm (10 to 20 in.).

saturated zone. The region below the water table
where rock pores and fractures are com
pletely saturated with water.

sensitivity study. An analytic or numerical tech
nique for examining the effects of varying
specified parameters in a computer model.
Shows the effects that changes in various
parameters have on model outcomes and
illustrates which parameters have a greater
impact on the predicted behavior of the
system being modeled. Also called sensitiv
ity analysis because it shows the sensitivity
of the consequences (e.g., radionucide
release) to uncertain parameters (e.g., the
infiltration
rate
that results from
precipitation).

scarp. An escarpment, cliff, or steep slope of some
extent that is produced by faulting or by dif
ferential erosion.
scenario. A well-defined, connected sequence of
features, events and processes that can be
thought of as an outline of a possible future
condition of the repository system. Scenar
ios can be undisturbed, in which case the
performance would be expected, or nominal,
behavior for the system. The scenario can
also be disturbed if altered by disruptive
events, such as human intrusion or natural
phenomena such as volcanism.

shotcrete. Cementitious material sprayed onto a
surface at high pressure.
site characterization. Activities, whether in the
laboratory or in the field, undertaken to
establish the geologic and hydrologic condi
tions and the ranges of the parameters of a
candidate site relevant to the location of a
repository. These activities include borings,
surface excavations, subsurface excavations
and borings, and in situ testing needed to
evaluate the suitability of a candidate site for
the location of a repository but do not
include preliminary borings and geophysical
testing needed to assess whether site charac
terization should be undertaken.

secular equilibrium. A condition in which a
daughter radionuclide has reached a steady
state amount, in terms of radioactive activ
ity, with respect to the amount of its parent
radionuclide.
sedimentation. A geologic process in which parti
cles accumulate in water or air and settle in

layers of rock.
seepage. (1) The inflow of groundwater moving in
fractures or pore spaces of permeable rock to
an open space in the rock; the amount of per
colation flux that enters the drift in a given
time period. (2) Flow of liquid water into an
underground opening such as a waste
emplacement drift or exploratory tunnel.
Does not include water vapor movement
into openings or condensation of water
vapor within openings.

sorption. The binding, on a microscopic scale, of
one substance to another. A term that
includes both adsorption and absorption.
The sorption of dissolved radionuclides onto
aquifer solids or waste package materials by
means of close-range chemical or physical
forces is an important process modeled in
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this study. Sorption is a function of the
chemistry of the radioisotopes, the fluid in
which they are carried, and the mineral
material they encounter along the flow path.

steady-state modeling. Modeling a system under
the assumption that the variables are not
changing with time. For example, flow
fields can be simulated at a steady state if the
boundary conditions, saturations, and fluxes

are not changing with time.

sorption coefficient (Kd). A factor to calculate

sorption of one substance to another (e.g.,
sorption of a radionuclide to a colloid or

steel set. A steel support used in tunnels, drifts, and

shafts.

sorption of a radionuclide to the rock).
source term. Types and amounts of radionuclides
that are the source of a potential release of
radioactivity from the repository.

stochastic. Involving a variable (e.g., temperature,

porosity) that may take on values of a speci
fied set with a certain probability. Data from
a stochastic process is an ordered set of
observations, each of which is one item from
a probability distribution.

spent nuclear fuel. Fuel and the associated hard
ware withdrawn from a nuclear reactor

following irradiation, the constituent ele
ments of which have not been separated by

reprocessing. Spent fuel that has been
burned (irradiated) in a reactor to the extent
that it no longer makes an efficient contribu
tion to a nuclear chain reaction. This fuel is
more radioactive than it was before irradia
tion, and it is thermally hot.

stochastic model. A model whose outputs are pre
dictable only in a statistical sense. A given
set of model inputs produces outputs that are
not the same, but follow statistical patterns.
stress corrosion cracking. Preferential corrosion
initiation in response to high tensile stresses,

requiring the simultaneous action of a corro

splay. A branch of a fault or fault zone.
split. The two halves of an emplacement, perfor
mance confirmation, or reserve drift,
separated by an exhaust raise.
staging area. An area in the Waste Handling
Building or a part of the waste-handling
process in which spent nuclear fuel or high
level radioactive waste is retained for future

sion mechanism and sustained tensile stress.

stress Intensity. The amount of stress at a given
point in a structure. Derived from combined
totals of both positive (tension) stress and
negative (compression) stress.
stylized human intrusion scenario. A disruptive

event assessed in a separate TSPA according

loading in a disposal container.

to specific characteristics defined by the
EPA in 40 CFR 197.26 and the NRC in 10
CFR 63.113(d). According to these regula
tions, the human intrusion scenario assumes
that a drill penetrates the repository and a

standard deviation. (1) For a set of observations
or a frequency distribution, the square root
of the average of the squared deviations
from the mean divided by n-I (where n is the
sample size). (2) The square root of the
variance.

steady-state criticality. An self-sustained nuclear

chain reaction where the reaction remains
constant, with the effective neutron multipli
cation factor equal to one. See effective
neutron multiplication factor.

waste package during exploratory drilling
for groundwater resources, one hundred
years after final closure of the repository.

subsurface facilities. The repository's under
ground structures and systems. The surface
facilities include the main drifts, exhaust
mains, turnouts, emplacement drifts, ventila-
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tion shafts, mechanical and structural
support systems, underground utilities,
waste emplacement and retrieval equipment,
and surface-based control systems.
supplemental TSPA model. The model used in
supplemental calculations of total system
performance assessment as documented in
Volume 2 of FYOI Supplemental Science
and PerformanceAnalyses. The model is a
modification of the TSPA-SR model that
incorporates new component models and
input parameter values for some compo
nents. The model was based on specifica
tions of proposed U.S. Environmental
Protection Agency and U.S. Nuclear Regu
latory Commission regulations. See total
system performance assessment Compare
TSPA-SR model and revised supplemental
TSPA model.
surface complexation. The process that describes
the formation of complex molecules
between the solute in the aqueous phase and
the reactive groups on the solid surface,
under specific chemical conditions.
surface facilities. All permanent facilities within
the restricted area constructed in support of
site characterization activities and repository
construction, operation, and closure activi
ties, including surface structures, utility
lines, roads, railroads, and similar facilities,
but excluding the underground facility.
system model. The analytical tool to examine the
future behavior of the potential repository
and its component barriers.
system performance. The complete behavior of a
geologic repository system at Yucca Moun
tain in response to the features, events, and
processes that may affect it.
SZCONVOLUTE. Software used to calculate
saturated zone response curves based upon
unsaturated zone radionuclide source terms,
generic saturated zone response and
expected climate scenarios
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tectonic. Pertaining to geologic forms or effects
created by deformation of the earth's crust.
Tertiary. The first of two geologic periods of the
Cenozoic Era extending from the end of the
Mesozoic Era to the beginning of the Quar
ternary Period, covering a time span from
about 65 million to about 2 million years
ago.
thermal conduction. The flow of thermal energy
through a material. This conduction is
affected by the amount of heat energy
present, the nature of the heat carrier in the
material, and the amount of dissipation.
thermal loading. (1) The spatial density at which
waste packages are emplaced within the
repository as characterized by the areal
power density and the areal mass loading.
See line loading and point loading. (2) The
application of heat to a system, usually mea
sured in terms of watt density. The thermal
loading for a repository is the watts per acre
produced by the radioactive waste in the
active disposal area.
thermal stress. Stress caused by temperature
changes in a material that is physically
restricted and unable to expand or contract

accordingly.
thermal-mechanical effects. Changes in the geo
mechanical properties of the repository host
rock produced by heating of the rock associ
ated with the emplacement of radioactive
waste in the repository. An example might
be decreased* rock strength related to
increased fracturing caused by heating of the
rock.
thermogravimetric analysis. A method of analy
sis that measures the loss or gain of weight
by a substance as the temperature of the sub
stance is raised or lowered at a constant rate.
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tracer. A substance or dye used in hydrologic tests
to observe the movement of groundwater
and sorbing and nonsorbing chemical spe
cies. Also applicable to gas injection tests
using gaseous tracers to measure the break
thoughs at observation points.

thermomechanical nomenclature. A stratigraphic
nomenclature system used for the classifica
tion of rock at Yucca Mountain based on the
thermal and mechanical properties of the
rock. Compare lithostratigraphic nomencla
ture, hydrogeologic nomenclature, and
lithostratigraphic nomenclature.

transmissive fracture. A fracture in rock through
which groundwater could flow.

three-dimensional model. A three-dimensional
representation of physical conditions and/or
processes.

transparency. The ease of understanding the
process by which a study was carried out,
Which assumptions drove the results, how
they were determined, and the rigor of the
analyses that led to the results. Transparency
provides a reader or reviewer with a clear
picture of what was done in an analysis,
what the outcome was, and why.

total effective dose equivalent. For purposes of
assessing doses to workers, the sum of the
deep-dose equivalent (for external expo
sures) and the committed effective dose
equivalent (for internal exposures). For pur
poses of assessing doses to members of the
public (including the reasonably maximally
exposed individual), total effective dose
equivalent means the sum of the effective
dose equivalent (for external exposures) and
the committed effective dose equivalent (for
internal exposures). See annual committed
effective dose equivalent.

transpiration. The process by which water
absorbed by plants, usually through the
roots, is evaporated into the atmosphere
from the plants' surfaces. It is an important
process for .removal of water that has infil
tated below the zone where it could be

removed by evaporation.
transport. A process in which substances carried
in groundwater move through the subsurface
by means of the physical mechanisms of
cofivection, diffusion, and dispersion and the
chemical mechanisms of sorption, leaching,
precipitation, dissolution, and complexation.
Types of transport include advective, diffu
sive, and colloidal transport.

total system performance assessment (TSPA). A
risk assessment that quantitatively estimates
how the proposed Yucca Mountain disposal
system will perform in the future under the
influence of specific features, events, and
processes, incorporating uncertainty in the
models and data.
TOUGH2. A computer software code used to sim
ulate three-dimensional flow of groundwater
and heat in unsaturated or saturated porous
and fractured media. It is the basis for the
unsaturated zone flow process model.
TOUGHREACT. Thermal-hydrologic-chemical
software code used to simulate the water
composition on the drip shield and waste
package.

transportation cask. A heavily shielded container
that meets applicable regulatory require
ments used to ship spent nuclear fuel or
high-level radioactive waste.
transuranic waste. Waste materials (excluding
high-level radioactive waste and certain
other waste types) contaminated with alpha
emitting radionuclides that are heavier than
uranium with half-lives greater than
20 years and that occur in concentrations
greater than 100 nanocuries per gram.
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two-dimensional modeL (1) A two-dimensional
slice through an entity, such as the earth's
crust, usually in the horizontal and vertical
directions, on which known features are
placed and are used to predict likely features
that may exist between points of known
data. (2) Mathematically, a model that repre
sents physical conditions or processes; this
mathematical model is composed of both
horizontal rows and vertical columns of grid
cells arrayed in L-shaped configurations

Transuranic waste is primarily a result of
treating and fabricating plutonium, as well
as from research activities at DOE defense
installations.
transverse dispersion. The spreading of a solute
in groundwater in directions perpendicular
to the direction of the groundwater flow
path.

only one grid cell thick.

travertine. A finely crystalline, massive deposit of
calcium carbonate formed by chemical pre
cipitation from solution in surface and
groundwaters or in limestone caves, as
stalactites, stalagmites, or dripstone.

UDEC. Distinct element code used to perform
underground opening stability analysis.

TSPA-SR model. The model used in the calcula
tions of total system performance assess
ment as documented in Total System
PerformanceAssessmentfor the Site Recom
mendation.The model was based on specifi
cations of proposed U.S. Environmental
Protection Agency and U.S. Nuclear Regu
latory Commission regulations. See total
system performance assessment Compare
supplemental TSPA model and revised sup
plemental TSPA model.
tufa. A chemical sedimentary rock composed of
calcium carbonate formed by evaporation
around the mouth of a spring, along a
stream, or as a thick concretionary deposit in
a lake or along its shore.

uncertainty. A measure of how much a calculated
or estimated value that is used as a reason
able guess or prediction may vary from the
unknown true value.
underground facility. The underground structure,
backfill materials, if any, and openings that
penetrate the underground structure.
unsaturated zone.'rhe zone of soil or rock below
the ground surface and above the water
table.
unzipping. The splitting of the cladding on a fuel
rod.
uptake. Intake by and exposure of the receptor to a
contaminant.

tuff. Igneous rock formed from compacted volca
van Genuchten's capillary-strength parameter.
nic fragments from pyroclastic (explosively
A parameter in a functional relationship
ejected) flows with particles generally
between saturation (or water content) and
smaller than 4 mm (0.16 in.) in diameter.
potential (a measure of the suction due to
The most abundant type of rock at the Yucca
capillary forces). Also a-parameter.
Mountain site. Nonwelded tuff results when
volcanic ash cools in the air sufficiently that
variability (statistical). A measure of how a quan
it doesn't melt together, yet later becomes
tity varies over time or space.
rock through compression. Welded tuff
results when the volcanic ash is hot enough
vitric tuff. Volcanic rock composed of glassy
to melt together and is further compressed
shards of volcanic ash.
by the weight of overlying materials.
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vitrified high-level radioactive waste. A type of
processed high-level radioactive waste
where the waste is mixed with glass-forming
chemicals and put through a melting pro
cess. The melted mixture is then put into a
canister where it becomes a dry, solid "log"
of waste in a glassy matrix.
WAPDEG. A computer software code used to
analyze drip shield and waste package deg
radation.
wash. Term used in the southwest for a broad,
gravelly, dry bed of an ephemeral stream,
generally in the bottom of a canyon.
waste form. A generic term that refers to the dif
ferent types of radioactive wastes.
Waste Handling Building. In the North Portal
Area, a structure designed to support waste
handling operations and the loading and
staging of waste packages.
waste package. A sealed container containing
waste that is ready for emplacement. The
waste package includes the waste form and
any containers, spacing structures or bas
kets, and other absorbent materials
immediately surrounding an individual
waste container placed internally to the con
.tainer or attached to the outer surface of the
disposal container.
waste package remediation system. A repair
facility for disposal containers and waste
packages that have failed the weld inspec
tion processes, that are defective or
abnormal, or that have been selected for
retrieval from the repository for perfor
mance confirmation examinations.
waste stream. Input of waste into the repository
over time.

water table. (1) The upper limit of the portion of
the ground wholly saturated with water.
(2) The upper surface of a zone of saturation
above which the majority of pore spaces and
fractures are less than 100 percent saturated

with water most of the time (unsaturated
zone) and below which the opposite is true
(saturated zone).
welded tufi. A tuff that was deposited under condi
tions where the particles making up the rock
were heated sufficiently to cohere. In con
trast to nonwelded tuff, welded tuff is
considered to be denser, less porous, and
more likely to be fractured (which increases
permeability).
xerophytic. Plants adapted to low moisture
conditions.
Yucca Mountain disposal system. A combination
of underground engineered and natural bar
riers within the controlled area that prevents
or substantially reduces releases from the
waste.
Young's modulus. The ratio between tensile or
compressive stress and elongation of a solid
stressed in one direction.
zeolites. A large group of hydrous aluminosilicate
minerals that act as molecular "traps"
because they can adsorb molecules with
which they interact. At Yucca Mountain,
they are secondary alteration products in tuff
rocks, caused by exposure to groundwater.
Zeolites could act to retard the migration of
radionuclides.
Zircaloy. A family of alloys of zirconium that may
have any of several compositions. These
alloys are frequently used as a cladding
material.

G-31

I

4
Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. 1

INTENTIONALLY LEFT BLANK

0.

0-32

/

