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Abstract

{ The overall purpose of this study is to provide information and guidance to the Office of Environmental
i Management of the U.S. Department of Energy (DOE) about the level of characterization necessary to dis-
- pose of DOE-owned spent nuclear fuel (SNF). The disposal option modeled was codisposal of DOE SNF
with defense high-level waste (DHLW). A. specific goal was to demonstrate the influence of DOE SNF,
expected to be minor, in a predominately commercial repository using modeling conditions similar to those
currently assumed by the Yucca Mountain Project (YMP). A performance assessment (PA) was chosen as
the method of analysis. The performance metric for this analysis (referred to as the 1997 PA) was dose to an
Co individual; the time period of interest was 100,000 yr. Results indicated that cumulative releases of *>Tc and
' 23TNp (primary contributors to human dose) from commercial SNF exceed those of DOE SNF both on a per
MTHM and per package basis. Thus, if commercial SNF can meet regulatory performance criteria for dose
to an individual, then the DOE SNF can also meet the criteria. This result is due in large part to lower bur-
‘ nup of the DOE SNF (less time for irradiation) and to the DOE SNF’s small percentage of the total activity
-- (1.5%) and mass (3.8%) of waste in the potential repository. Consistent with the analyses performed for the
YMBP, the 1997 PA. assumed all cladding as failed, which also contributed to the relatively poor performance
of commercial SNF compared to DOE SNE
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Preface

Preface

This study, the 1997 performance assessment (1997 PA), evaluates whether spent nuclear fuel (SNF) owned by
the Office of Environmental Management of the U. S. Department of Energy (DOE) performs noticeably better (or
worse) than commercial SNF, and identifies important parameters that influence this performance after disposal. The
latter results, in particular, are intended to help define appropriate requirements for waste characterization with regard
to DOE-owned SNF being accepted for disposal. The study is part of a broader DOE program, the National Spent
Nuclear Fuel Program, for developing a safe, cost-effective technical strategy for the interim management and ulti-
mate disposition of the foreign and domestic spent nuclear fuel under the DOE's jurisdiction. The DOE-owned SNF
is currently stored at three primary sites (Idaho National Engineering and Environmental Laboratory [INEELY], the
Hanford reservation, and the Savannah River plant) and several secondary DOE sites. The SNF originated in experi-
mental, defense, and foreign reactors.

Organization of Report

This report is a detailed account of the analysis design and resuits. The introductory chapter describes the analy-
sis goals and approach, highlights some of the analysis decisions made during the assessment, and sets the stage for
the data and concepts that are presented in later chapters. Chapter 2 provides information on the performance mea-
sures and assumptions made with regard to modeling style.

The remaining chapters cover the tasks of performance assessment as they were pursued in this study, i.e., dis-
posal system characterization (Chapters 3, 4, and 5); analysis design (Chapter 6); consequence modeling (Chapters 7
through 10), results (Chapter 11), and guidance based on the results (Chapter 12). The consequence modeling task is
grouped in chapters by topic to help the reader locate material of particular intezest, specifically, radionuclide source
term modeling (Chapter 7), unsaturated zone flow and transport (Chapter 8), saturated zone flow and transport (Chap-
ter 9), and biosphere modeling (Chapter 10). Two appendices containing data provided by INEEL on the content of
the fuel categories are provided; a third appendix provides background information for this study.

Although the report documents both the method of analysis and the data used, the organization of the report
emphasizes the method of analysis. Therefore, the data are not isolated, but instead are found in related chapters.
Most model parameters for characterization of the disposal system are included in Chapters 3, 4, 5, and 7.
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Executive Summary

This summary describes the performance assessment conducted by the Performance Assessment Department at
Sandia National Laboratories. The study was done for the Nati¢ nal Spent Nuclear Fuel Program (NSNFP), coordi-
nated by the Idaho National Engineering and Environmental Laboratory (INEEL) for the Office of Environmental _
Management of the U. S. Department of Energy (DOE/EM).

ES.1 Analysis Purpose and Goals

The purpose of the 1997 performance assessment (1997 PA) was to identify the behavior, after permanent dis-
posal, of the spent nuclear fuel (SNF) now under the jurisdiction of DOE/EM. It evaluated whether this DOE SNE
performs better or worse than commercial SNF, which can be used as a benchmark in the absence of explicit accep-
tance criteria. The disposal system modeled is the potential repository at Yucca Mountain, Nevada, containing com-
mercial SNE, defense high level waste (DHLW), and DOE SNF. The performance assessment assumed the
codisposal of DOE SNF, without treatment, with vitrified DHLW, in which DOE SNF is packaged with DHLW in the
same disposal container. ’

A second goal, closely related to the first, was to identify the most sensitive parameters through analysis of the
results to determine which DOE SNF characteristics should be carefully estimated or measured and which could be
neglected, after demonstrating their minor influence. Such information is useful for developing performance-based
requirements for repository acceptance criteria, that is, defining characterization requirements only for those spent
fuel types and parameters that demand them, thus substantially reducing data gathering and preparation costs for
DOE SNE

The total inventory was 75,336 metric tons of heavy metal (MTHM). The inventory exceeded the 70,000 MTHM
limit currently imposed by law in order to include all DOE SNF and sufficient DHLW for codisposal. Most of this
inventory was commercial SNF (84%). High-level waste derived from the reprocessing of SNF was about 13% of the
waste, The DOE SNF categories were primarily based on the chemical characteristics of the fuel matrix and the clad-
ding material. The DOE SNF was about 3% of the MTHM inventory but only 1.5% of the radionuclide activity. This
analysis did not include fuel from Navy propulsion reactors.

Although the inventory of DOE SNF is relatively small when compared with commercial SNF, it does present
unique challenges for characterization because of the large number of different fuel types, materials of construction,
and enrichments. Because of the fuels development mission of the DOE, cladding on DOE SNF includes aluminum,
zirconium, and carbide, and there are over 250 different fuel types. Itis was necessary to group several types together
to ease the computational burden.

Thirteen categories of DOE SNF were included in the 1997 PA. Twelve of the DOE SNF categories were codis-
posed with DHLW in borosilicate glass (Categories 2 through 13). Category 1 (N-Reactor SNF), which was 88% of
the DOE SNF, was modeled in four multi-purpose canister overpacks (MCOs) in a single disposal container.

ES.2 Analysis Approach

Extensive performance assessment calculations were performed to estimate the behavior of DOE SNF. The same
approach was used in two previous performance assessments in 1993 and 1995. Sensitivity analysis was conducted to
gain insight into the relative importance of specific DOE SNF properties or parameters. Sensitivity analysis was also
performed to understand the influence of (a) including cladding on commercial SNE, (b) substituting Hastaloy C-22
for Inconel 625 as the inner layer of the disposal container, and (c) varying the surface area of container layers and
waste matrices.
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Executive Summary

The model for degradation of DOE SNF was enhanced in the 1997 PA. The upgraded model included transport
of O, in order to determine whether O, was limited enough to reduce the rate of degradation of containers or waste.
To facilitate the comparison with total system performance assessments (TSPAs) by the Office of Civilian Radioac-
tive Waste Management (OCRWM), the 1997 PA used assumptions that matched those used by OCRWM in an abbre-
viated TSPA conducted in 1997. The 1997 PA neglected credit for cladding of SNF, assumed a similar radioisotope
inventory, and used updated geologic data.

To improve traceability and repeatability, the 1997 PA used a centralized database for all parameters in its mod-
els. The database included about 3024 total parameters: 2755 assigned constants and 269 assigned distributions, 63
of which were varied.

ES.3 Results and Conclusions

The mass and the activity of the DOE SNF in the repository are modest in relation to those of the commercial
SNF. The 1997 PA demonstrated that the unique characteristics of DOE SNF do not outweigh this relationship: they
do not adversely influence the behavior of the disposal system. Moreover, the effects of the unique characteristics are
further diminished because the radionuclides in the codisposal waste package are completely dominated by the
DHLW radionuclides. Therefore, DOE SNF is expected to meet repository acceptance criteria if commercial SNE
can meet them. Direct disposal of DOE SNF can remain the primary option considered by the DOE/EM.

ES.3.1 Performance of DOE SNF Compared to Commercial SNF

If commercial SNF can comply with regulatory dose criteria, then DOE SNF can also comply. The inventory of
DOE SNF is, therefore, probably within the error band of the commercial SNF inventory.

¢ Relative to commercial SNF, DOE SNF is a small contributor to doses from the total repository. It contains
less than 2% of the 237Np and 7% of the 99T¢, which are the most important contributors to estimated doses.

e Because DHLW contains more °Tc and 23’Np than the DOE SNF, releases from a breached waste package
with the codisposal option are dominated by radioisotopes in DHLW containers.

¢ Releases of 7Np were limited by its solubility; hence the solubility of neptunium is an important model
parameter.

ES.3.2 Performance of Individual DOE SNF Categories

‘When no credit for cladding is taken, the different categories of DOE SNF behaved similarly: the protective con-
tainer layers are the same for each category and the alteration rates of fuel matrices differ only slightly.

e Based on the corrosion behavior assumed in the 1997 PA, intact cladding does not fail within 10° yr. Only
SNF with already failed cladding when emplaced in a container releases radioisotopes.

e If credit is taken for cladding on commercial SNF, releases from commercial SNF are reduced by about two
orders of magnitude (the amount of intact cladding) to about one order of magnitude below releases from
codisposed DOE SNF. (Most of the release is from DHLW.) Thus DOE SNF categories behave similarly.

e For performance assessment calculations, treating the 13 categories of DOE SNF in a similar manner would
appear to be warmranted. -
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ES.3 Results and Conclusions

ES.3.3 Performance of Disposal Container

If regulators do not allow performance assessments to take credit for cladding, it may be desirable to improve the
disposal containers (ASTM Grade 60 carbon steel and Inconel 625).

s Carbon steel essentially provides no protection after disposal.

¢ Inconel 625 also rapidly fails because temperatures remain near 100°C for some time within the repository.

¢ Halving the corrosion rate for Inconel 625, by decreasing the surface area, does not substantially improve
behavior.

¢ The upgraded modeling of corrosion and O, reduction did not significantly improve these potential difficul-
ties.

¢ If Hastaloy C-22 is substituted for Inconel 625 in the disposal container, Hastaloy C-22 remains intact for
10° yr, based on the excellent corrosion behavior assumed.

¢ The Hastaloy C-22 remains intact even when its corrosion rate is doubled.

ES.3.4 Behavior of Metallic Uranium

The 1997 PA and past performance assessments conducted for NSNFP have found no reason to negate any
potential pyrophoric and potentially combustible characteristics of metallic uranium in N-Reactor fuel after disposal
in the potential Yucca Mountain repository.

s The heat released from hydrating all N-Reactor fuel, which contains the metallic uranium, is much lower than
the heat from other sources in the repository. It is only 1/100th of the heat from radioactive decay of just the
DOE SNF and DHLW in the first year after disposal.

s Most container failures occurred between 100 and 1000 yr, when O, was depleted in the potential repository.

Other calculations are warranted, however, to evaluate the local effects that heat from a DOE SNF container may
exert on nearby commercial containers or during transportation.

ES.3.5 Overall Performance

Although the intention of the 1997 PA was to study only the relative performance of commercial and DOE SNF,
the study’s estimates of doses allow for comparison with other studies. In addition, the study’s sensitivity and uncer-
tainty analyses suggest that improved data may lower the estimates significantly.

The 1997 PA showed that the potential dose up to about 50,000 yr depends on releases of °Tc, while at later
times it is due to 23’Np. The uncertainties in the study’s source term affect the estimates of peak releases of °Tc
more strongly than the estimates for 237Np. Improving the accuracy of the alteration rate of the SNF matrix or frac-
tion of ?Tc in gaps of the fuel would reduce this uncertainty in the estimated dose from 9Tc. (The other two param-
eters influencing *?Tc release rates are solubility of Tc and amount of water flowing through the container.)

The estimates of the doses from 237Np may decrease if more accurate values for several parameters are provided.
If, by comparison with the assumptions in the 1997 PA, the actual mean solubility of 237Np is significantly lower, the
longer-term doses will be lower. (Additional accuracy in the amount of 23"’Np present is not necessary, especially for
the 2% represented by the DOE SNF fuel.) The rate of fluid flow through the mountain and the number of containers
contacted by water also contribute heavily to the 23’Np doses. Reduced values for any of these three parameters—
solubility, fluid flow, and number of containers in contact with water—would improve the system’s compliance with a
future dose standard.
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ES.4 Characterization Needs for DOE SNF

An improvement in the modeling of post-disposal behavior will require additional characterization data for the
DOE SNE. According to the 1997 PA, only some characteristics of DOE SNF significantly affect behavior and thus
may warrant a concerted effort to obtain more precise data.

ES.4.1 Inventory of Radioisotopes

The list of radioisotopes important to repository performance is fairly short, which means that characterization
resources can be focused on the few significant radioisotopes. The radioisotopes that are most important in both the
DOE and commercial SNF are those long-lived isotopes dependent upon burnup: *°Tc, 23'Np, and 12°I. The 1997
PA confirmed that >*Tc was the most important isotope in determining dose in the first 2 x 10% yr and 237Np was the
most important in the first 10° yr, as seen in an earlier analysis. Other radioisotopes contributing to the dose for these
times were 231Pa, 79Se, and the uranium isotopes (233U, 234U, 235U, and 236U, but not 238U). Between 10° and
10%yr, 226Ra and 21%pb contribute to dose although they are not important in the initial inventory.

Radioisotopes important to evaluating the power production from the containers, and thereby the temperature of
the repository, are 137™Ba, 90y, 238py, 241 A, 137Cs, 244C, 90r, and 24%pu, which contribute 98.6% of the initial
power.

Because the activity of the DOE SNF, which comes largely from N-Reactor fuel (Category 1), is a small percent-
age of the total initial activity of the repository, its activity will probably remain within the error band of the commer-
cial SNF. Therefore, when an error band of activity for each important radionuclide in the commercial SNF is known
or estimated, then an allowable error for the DOE SNF can be calculated. An error band of 200% for the activity of
9Tc and 2:""Np in the DOE SNF is probably appropriate, assuming a +1% error band for the commercial SNF inven-
tory until a more accurate error band is known:

ES.4.2 Solubility of Radioisotopes

In general, the solubility of radioisotopes in the repository environment will be identical for both commercial and
DOE SNF; hence, this information will be developed and supplied by the OCRWM. The 1997 PA confirmed some
issues with regard to solubility that were indicated in previous studies. The study, which included higher water flow
rates through the repository than previous analyses, suggested that among the radioisotopes the most important
parameter by far is the solubility of 237Np. The release of 237Np is controlled directly by its solubility (at least in
commercial SNF). For highly soluble radioisotopes like 9Tc or 1291, release is determined by the amount of matrix
material exposed at the maximum solubility. Solubility becomes a limiting factor only for the middle and lower val-
ues for Tc and 12°L.

ES.4.3 Corrosion Parameters

The corrosion (or alteration) of layers and matrices can potentially affect (a) the time of penetration of the layers,
(b) the consumption and production of gas and liquid, (c) the generation of rust adsorbent, and (d) the release of
encapsulated radioisotopes. The corrosion rate of each material is potentially a function of the oxygen content (oxic
or anoxic) and the moisture available (wet, humid, or dry). The corrosion rates of the materials in the disposal con-
tainer and the zircaloy cladding, as well as the alteration rate of the uranium dioxide matrix, will be identical for both
commercial and DOE SNF. Only the stoichiometry and corrosion (or alteration) rates of materials unique to DOE
SNF must be evaluated by NSNFP. This material includes metallic uranium and other uranium matrices, and the alu-
minum, stainless steel, graphite, and TRISO cladding. Alteration rates for these materials should be pursued, but the
analysis showed that evaluating these rates as a function of oxygen content was not particularly important. The alter-
ation rate of the matrix is important only in determining the release rate of PTc at its highest solubility values. At
lower solubility values for **Tc and all solubility values for 23TNp, the accuracy of the matrix alteration rate is unim-
portant.
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1. Introduction
R. P. Rechard

1.1 Overviéw

The purpose of this 1997 performance assessment is to identify for the U.S. Department of Energy (DOE) perfor-
mance characteristics of DOE-owned" spent nuclear fuel (DOE SNF) after disposal. The disposal site under study is
the potential repository in unsaturated tuff at Yucca Mountain, Nevada. The study is part of a broader DOE program
for developing a safe, cost-effective technical strategy for the interim management and ultimate disposition of the for-
eign and domestic spent nuclear fuel already under the DOE'’s jurisdiction. In this study, the codisposal option is
modeled in which the DOE SNF is packaged with defense high-level waste (DHLW). The DOE SNF and DHLW are
currently stored at the Idaho National Engineering and Environmental Laboratory (INEEL), the Hanford Reservation,
the Savannah River Plant, and other DOE sites. The spent nuclear fuel originated in defense and experimental reac-
tors; the high-level waste was generated during reprocessing of the spent nuclear fuel.

The performance assessment (PA) described here is a continuation of two earlier DOE SNF/DHLW studies con-
ducted by Sandia National Laboratories in support of the DOE on the disposal of its spent nuclear fuel and high-level
waste. The earlier analyses examined specific treatment options and disposal in two hypothetical repositories (1993
PA) and the direct disposal option in a relatively small but Yucca Mountain-like repository (1994 PA). The current
performance assessment (1997 PA) assembles data and then evaluates the performance after disposal of 13 separate
DOE SNF categories in containers with DHLW (i.e., the codisposal option) and 2 commercial spent fuel categories.
A major focus of the current study is to improve the understanding of spent fuel performance in an unsaturated tuff
repository by including the most current description of the potential Yucca Mountain disposal system. As modeled,
the repository in the 1997 PA includes 75,336 metric tons of heavy metal (MTHlVIm) of waste (including 2415
MTHM of DOE SNF, 9842 MTHM of DHLW), and 63,080 MTHM of commercial spent fuel). Data for site charac-
terization in the 1997 PA are taken primarily from Sandia’s 1993 Total-System Performance Assessment (TSPA-
1993) of the Yucca Mountain Project (YMP) (Wilson et al., 1994), with updated data in several areas'such as an order-
of-magnitude increase in the average precipitation infiltration and a two order-of-magnitude decrease in neptunium
solubility. In general, the data used in the 1997 PA are similar to those used in a-TSPA-1997, which is an abbreviated
Total System Performance Assessment (TSPA) conducted by TRW for the YMP. The repository and container

designs represent the most current conceptual designs. The fue] characterization data for the 1997 PA were collected .

and interpreted by the National Spent Nuclear Fuel Program (NSNEFP), which is responsible for coordinating storage
and disposal of DOE SNF.

The 1997 PA compares the performance of DOE SNF to that of commercial spent fuel, using criteria that repre-
sent a reasonable means of measuring performance in a potential repository at this time. The 1997 PA is not intended
to evaluate compliance with standards; in fact, at present, no final standards exist. However, DOE SNF’s behavior as
compared to commercial spent fuel’s can be used to inform decisions about future actions with regard to DOE SNF;
in turn, the performance of commiercial spent fuel measured against specific performance criteria provides informa-
tion about broader issues that relate to both spent fuel types. Thus, performance criteria were selected based prima-
rily on two sources: the Environmental Protection Agency (EPA) Standard, 40 CFR 191 (EPA, 1993), and guidance
provided by the National Academy of Sciences (NAS) in 1995 regarding a proposed future standard for repository
licensing (NAS/NRC, 1995). The criteria examined in the 1997 PA are the probabilistic maximum doses received by
an individual; the time period under consideration is 100,000 yr.

The process for the 1997 PA is the same as that used in the earlier performance assessments, which incorporated
complex models directly into the probabilistic analysis to capture spent fuel behavior as accurately as possible. For
example, the 1997 PA considers transport of O, in its hydrologic model, along with corrosion dependence in the radi-

* The DOE SNF is spent fuel owned by the U.S. Department of Energy, Office of Environmental Management. This study does not evaluate
Navy SNF, which the DOE/Naval Nuclear Propulsion Program (NNPP) owns and is evaluating.

¥ MTHM is the mass of all isotopes of uranium, plutonium, and thorium before irradiation in a reactor, expressed in metric tons (1000 kg).

% The current legal limit, as specified in the Nuclear Waste Policy Act of 1982, is 70,000 MTHM.
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1. Introduction

onuclide source term. In this way, the 1997 PA complements performance assessments of the YMP by providing
additional information for their analysis, which uses a different methodology that includes simplified models that
have been abstracted from detailed simulations. To provide a complete picture of DOE SNF performance in the
repository, the 1997 PA results can be compared with the results from the YMP performance assessment, a-TSPA-
1997. Contrasting the results of the two methodologies provides a benchmark-type comparison, which creates confi-
dence with regard to modeling.

The remainder of this chapter expands upon the information just presented, outlines important concepts in the
performance assessment, and highlights decisions that affect how the disposal system was modeled. Chapters 2
through 10 provide additional details on the concepts and assumptions presented here; Chapter 11 contains the results
of the assessment; Chapter 12 provides guidance to the NSNFP, based on the results.

1.2  General Purpose of the Analysis

The overall purpose of this study is to provide information and guidance to the Office of Environmental Manage-
ment of the DOE (designated herein as DOE/EM) about the level of characterization of DOE SNF necessary for dis-
posal. The currently planned disposal location for the DOE SNF is the potential Yucca Mountain repository.
Although intended primarily for disposal of commercial SNF, the potential repository has a portion reserved for DOE
SNF and DHLW in accordance with the Nuclear Waste Policy Act and a Presidential decision on disposal of DOE
SNF with commercial SNF. Yucca Mountain is the first site to be characterized by the Office of Civilian Radioactive
Waste Management (OCRWM) of the DOE as a potential repository for high-level nuclear waste and spent nuclear
fuel. The OCRWM is ultimately responsible for setting the acceptance requirements for the potential repository. The
value of this study, then, is that the DOE/EM can use the results to estimate (in a timely and cost-effective fashion) the
appropriate level and type of characterization and packaging necessary for disposal of DOE SNF to comply with
overall regulatory criteria for the repository. The results can also be used by the OCRWM to (a) develop appropriate
abstractions™ and/or benchmark its results for DOE/EM fuel and (b) develop performance-based requirements for
repository acceptance criteria (RAC). To this purpose, Sandia’s performance assessments in 1993 and 1994 provided
relevant information to the DOE/EM. The 1997 PA reported here is a continuation of these earlier studies.

The first goal of this analysis was to demonstrate the’influence of the DOE SNE, expected to be minor, in a pre-
dominately commercial repository using modeling conditions similar to those currently assumed by the YMP when it
conducts the TSPA. The assumptions are based on YMP’s abbreviated TSPA in 1997 (a-TSPA-1997; M&O, 1997),
an analysis in 1996 (M&O, 1996), and the TSPA in 1995 (TSPA-1995; M&O, 1995). Toward this goal, the 1997 PA
evaluates whether DOE SNF performs noticeably better (or worse) than commercial spent fuel, and identifies impor-
tant parameters that influence this performance after disposal. The latter results, in particular, are intended to help
define appropriate requirements for spent fuel characterization with regard to DOE SNF being accepted for storage
and disposal. Major changes to assumptions that will be incorporated into the TSPA-VA (Verification Assessment)
are not reflected in this report. However, in anticipation of these changes, this study examined how such changes
might influence DOE SNF performance.

A second goal, closely related to the first, was to identify the most sensitive parameters through a preliminary
analysis of the results to determine which DOE SNF characteristics should be quantitatively estimated or measured
and which could be neglected, after demonstrating their minor influence. Such information is useful for developing
performance-based requirements for repository acceptance criteria, which offers a significant advantage over estab-
lishing general repository acceptance criteria. The primary advantage is in defining characterization requirements
only for those spent fuel types that demand them, thus potentially reducing preparation costs.

Because the source term was already very influential and then made even more important by the use of dose per-
formance criteria, a third goal was to continue development and implementation of detailed process models for the

** Results of previous performance assessments have already been used in this way. For example, the current a-TSPA-1997, performed by the
YMP Managing and Operating Contractor, TRW, under the OCRWM, uses formulations that were developed in the 1994 PA, conducted by the
DOE/EM, for the alteration of metallic and ceramic DOE SNE.
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1.8 Organization and Mechanics of the Performance Assessment

degradation of the containers and fuel matrices within the potential repository. An important phenomenon with
regard to degradation of containers, alteration of SNF, and solubility of radioisotopes is the availability of oxygen.
Hence, the primary model modifications for this year’s analysis were (a) adding oxygen transport within the two-
phase flow code, BRAGFLO_T, and (b) using oxygen-dependent alteration rates of materials within the corrosion and
source-term model, CST.

This report was commissioned to provide information to the DOE concerning the level of characterization of
DOE SNF necessary for disposal in the potential Yucca Mountain repository. Hence, the general results are presented
in this summary with the understanding that the reader appreciates that the findings are conditional on the models and
data used to generate them. Data used in the models are based on the best information currently available, but should
still be considered preliminary.

Although the environmental regulations for SNF disposal in the United States are currently undergoing revision,
this assessment primarily used the performance criteria in 40 CFR Part 191, in particular the 5-km exclusion zone and
the Individual Protection Requirements. The Containment Requirements were also used in some cases for compari-
son with the 1994 PA, thus offering the reader a historical perspective. Dissolved radionuclide releases from the engi-
neered barrier and releases reaching the water table below the repository were also evaluated and presented. The time
period chosen for calculating dose in the 1997 PA was 100,000 yr. In the next few years, the YMP plans to evaluate
numerous design options and various natural phenomena for the license application to the NRC. In anticipation of
these studies, this report also presents the sensitivity of the 1997 PA results to changes in container material, cladding
use, and inventory of the DOE SNE

1.3 Organization and Mechanics of the Performance Assessment

One means of determining whether spent fuel is acceptable for inclusion as part of a geologic disposal system is
a performance assessment. The term performance assessment is generally defined as the process of assessing
whether a system meets a set of performance criteria (Rechard, 1995, p. 1-1).7T Fora geologic disposal system, the
performance criteria are various long-term (10,000 yr and longer) environmental metrics specified in government reg-
ulations. For assessment of the long-term consequences of a geologic disposal system, the technique used is com-
puter simulation; thus, the system for the performance assessment is a computational model that represents the
geologic disposal system, not the system itself. Consequently, a performance assessment for evaluating geologic dis-
posal of nuclear waste is intimately tied to the general scientific processes of modeling.

For discussion in this report, the process for assessing the performance of the disposal system can be conve-
niently categorized into six general steps (Figure 1-1). Together, these tasks draw upon varied scientific disciplines.
The six tasks** are as follows (Rechard, 1995):

1. Disposal System and Regional Characterization. The first step is the collection of data on (a) spent fuel and
high-level waste (Chapter 3), (b) geology and hydrology near the site (Chapter 4), and (c) facility design that
characterizes the disposal system and regional area (Chapter 5). System characterization is the first phase in
conceptual model development. The results of the first step are used to determine the parameter space for the
conceptual model. The parameters are subdivided into three disjoint subsets: uncertain parameters typically
classified as aleatoric variables and thus often studied through scenarios (e.g., event and undetected feature
parameters; none in this study), uncertain parameters typically expressed as random or epistemic variables

++ This more general definition of a performance assessment is used herein; however, the 40 CFR 191 regulation defines a performance assess-
ment as “an analysis that (1) identifies the processes and events that might affect the disposal system, (2) examines the effects of these pro-
cesses and events on the performance of the disposal system, and (3) estimates the cumulative releases of radionuclides, considering the
associated uncertainties, caused by all significant processes and events.”” In essence, this definition of performance assessment is tied specifi-
cally to one particular performance metric, the evaluation of cumulative releases of radionuclides. Also, the phrase “considering the associated
uncertainties” implies the use of stochastic simulation as the evaluation technique.

1% These six steps can also describe a probabilistic risk assessment (PRA) which, like a performance assessment, is a stochastic simulation. The
main difference between the two assessments is that the term “PRA” is, in general, associated with only engineered facilities over short geo-
logic time scales, while the term “PA” is associated with a combination of natural and engineered systems over long geologic time scales.
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general tasks (after Rechard, 1989, Figure 3.1). This report is organized around those tasks; the sec-
tion numbers in parentheses indicate the chapter in which the task is discussed.
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(e.g., material property parameters; 63 parameters in this study), and parameters selected to be fixed or varied
one at a time (e.g., model domain parameters, physical constants; 3024 parameters in this study).

2. Scenario Development. The second step includes (a) the identification of features and agents (i.e., continuous
phenomena such as corrosion, sometimes called processes, and short-term phenomena such as intrusion,
called events) of the disposal system whereby radionuclides might be released to the accessible environment,
and (b) selection of a set of mutually exclusive scenarios from known features, events, and processes (FEPs)
(selecting scenarios is not necessary for this study). Scenario development is the second phase in conceptual
model development (i.e., selecting what to model). At this step, the parameter space for the performance
assessment model can be identified, which usually contains only minor modifications to the original parame-
ter space (see 1, above) (Chapter 6).

3. Probability Modeling. The development and execution of probability models, which quantify the uncertainty
in model parameters and predict the likelihood of the scenarios, is considered the third step. This step creates
two types of results: models that evaluate the probability of the scenario occurring (not necessary for this
study) and distributions that express the uncertainty of parameters (Chapter 6).

4, Consequence Modeling. The fourth step involves the development and execution of consequence models to
predict the amount of radionuclide release to the accessible environment, including evaluating the uncertain-
ties associated with the predictions. The results of this step are the consequences of the simulations. The
models for the 1997 PA are discussed in the following chapters: waste and waste package, Chapter 7; unsatur-
ated zone, Chapter 8; saturated zone, Chapter 9, and biosphere, Chapter 10.

5. Long-Term Regulatory Compliance Assessment. In assessments performed in support of licensing, compari-
son of the predicted doses with government regulations is considered the fifth step. Herein, plausible criteria
are selected with which to compare relative performance, because current regulations are uncertain. Some
possible comparisons are shown in Chapter 11.

6. Sensitivity Analysis. The final step is an identification of the important model parameters that most influence
the calculated results. Sensitivity analysis is shown in Chapters 11 and 12.

Normally, a performance assessment is conducted several times because each iteration provides enhanced infor-
mation in precisely those subject areas where it is required. The NSNFP last conducted a DOE SNF performance
assessment in 1994.

1.4 System Characterization

System characterization is the first phase in conceptual model development. In the following text, the physical
systems such as the spent fuel, the geologic setting in which the repository is located, and the potential repository
design are defined.

14.1 Waste Containment System Terminology

As used in 40 CFR 191, a radioactive waste containment system includes three major subsystems (institutional
controls, geologic barriers, and engineered barriers) and their corresponding major components (Figure 1-2). The
first subsystem, institutional controls, consists of components such as legal ownership of the land and resources by
the U.S. Government, fencing and signs around the property, permanent markers, public records and archives, and
other methods of preserving knowledge about the disposal system (Trauth et al., 1993; Rechard et al., 1993). Effects
of this subsystem are not included in the 1997 PA.
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Subsystems and components of a radioactive waste containment system. The disposal system, as
defined in 40 CFR 191, comprises the geologic and engineered subsystems of the waste containment
system (after Rechard et al., 1990, Figure 1-10). Herein, the engineered barrier subsystem is discussed

as a waste package and a repository.

Figure 1-2.
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1.4 System Characterization

The second subsystem, the geologic barrier, is limited to the lithosphere up to the ground surface and a possible
exclusion zone. As explained in Chapter 2, the exclusion zone used in the 1997 PA is 5 km (~3 mi) from the outer
boundary of the disposal tunnels.

The physical features of the repository (e.g., design of the repository, waste form, handling and disposal contain-
ers, and backfill) are components of the third subsystem, engineered barriers. For purposes of discussion, the compo-
nents of the engineered barrier system are grouped into two subsystems: the waste package *** and the repository.

The disposal system, as defined by 40 CFR 191, includes only the geologic and engineered barrier subsystems.
For the performance assessment, different parts of the geologic and engineered barrier subsystems are assembled into
a disposal system that can be modeled. The information used to model the waste package, geologic barrier, and
potential repository is described below. The modeling systems themselves are described in Section 1.7, and Chapters
7 through 10.

1.4.2 Characterization of Waste Package

The most inclusive term, waste package, is used in this report to describe the spent fuel or high-level waste as it
would reside in the repository. The waste package includes the spent fuel and/or high-level waste, disposal and/or
handling containers, and any backfill material placed between the disposal container and the host rock (none in this
study). Spent fuel refers here to the packaged components including fuel rods, brackets, and hardware.

The 1997 PA emphasized the performance of 13 categories of DOE SNEF after disposal compared to that of two
commercial spent fuel categories. The DOE SNF categories are packaged with DHLW to reflect the DOE’s proposed
packaging plan as of September 1997; packaging DOE SNF with DHLW is called the codisposal option. All infor-
mation about the spent fuel and packaging was provided by NSNFP (Appendix A). Chapter 3 provides more infor-
mation about the spent fuel categories and containers as they were modeled in the 1997 PA. The conceptual model
for the waste package focused on package corrosion, fuel oxidation, and resulting release rates; more information
about these processes can be found in Chapter 7. This section provides a brief overview of the spent fuel categories,
handling and disposal containers, codisposal configurations, and waste packages as modeled in the 1997 PA.

Spent Fuel Categories. Fifteen categories of spent nuclear fuel are included in the study: 13 categories of DOE
SNF and 2 categories of commercial spent nuclear fuel (Pressurized Water Reactor [PWR] and Boiling Water Reactor
[BWRY]). Table 1-1 lists the spent fuel categories; Categories 1 to 13 represent over 250 types of spent nuclear fuel
owned by the DOE, with Category 1, N-Reactor fuel, accounting for about 88% of the DOE SNEF inventory.TTT The
DOE/EM grouped its spent fuel into categories based on the chemical composition of the fuel matrix; for modeling
purposes, a representative fuel was selected for each category (Table 1-1). Cladding condition is described, but was
not a primary consideration for the grouping. The categories include a range of enrichments: low enriched uranium
(LEU, £5% enrichment); medium enriched uranium (MEU, 5% < enrichment < 20%); and high enriched uranium
(HEU, 220% enrichment).

The inventory from the DOE sites also includes high-level waste immobilized in borosilicate glass from the
Savannah River Plant near Aiken, SC; the Hanford reservation, Hanford, WA; INEEL; and the West Valley Demon-
stration Project, West Valley, NY. For the 1997 PA, the DHLW is modeled as being packaged for disposal with the
DOE SNF (Categories 2 to 13).

A total of 75,336 MTHM is modeled in the 1997 PA, including DOE SNF (2415 MTHM), DHLW (9842
MTHM), and commercial spent nuclear fuel (63,080 MTHM). The commercial spent fuel represents the majority of
activity and mass in the potential repository; 41,440 MTHM of the total is PWR spent fuel and 21,640 MTHM is
BWR spent fuel. The inventory used in the analysis was sanctioned by the YMP. Because the DOE SNF itself repre-

*** Another term used in the 1993 and 1994 PAs is waste parcel, which included all components of the waste package except backfill between the
container and the host rock. In the 1997 PA, the waste package and the waste parcel are the same because only an air gap surrounds the waste
package.

+++ U.S. Navy fuel was not included in the 1997 PA; it will be evaluated by the Navy.
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Table 1-1. Categories of Spent Nuclear Fuel and High Level Waste Used in 1997 PA

Mass
Activity (Total
Represen- (2030 yr) Mass MTHMW/ Number
Spent Nuclear Fuel or tative (cv (MTHMW/ SNF & of Waste
No. High-Level Waste Represented by Cladding  Category) Category)? HLW) Packages
1 Uranium metal N-Reactor (4 handling Zircaloy, 2.45x 107 2133 2133 118
containers/pkg) Failed
Uranium-zirconium alloy  Chicago Pile 5 (CP-5) Zircaloy 232x10° 0.041 35.4 9
3  Uranium-molybdenum Fermi Reactor Zircaloy 476 x10% 3.91 119 &5
alloy
4  Uranium oxide-intactclad  Shippingport Zircaloy 2.69x 107 79.8 610 203
Pressurized Water Reac-
tor (PWR)
§  Uranium oxide-failed clad Three Mile Island Zircaloy, 3.04x 107 88.2 1334 595
(TM1-2) Failed
6  Uranium aluminum alloy  Advanced Test Aluminum 3.53x 107 9.38 2951 750
Reactor (ATR)
7  Uranium silicide Materials Testing Aluminum  5.99 x 108 12.7 895 225
Reactors (MTR)
8  Uranium-thorium carbide- Fort St. Vrain Graphite 475 x 10° 247 2162 545
intact clad ’
9  Uranium-thorium carbide- Peach Bottom Graphite 4.40%x 10° 1.61 405 103
failed clad -
10 Uranium/plutonium car- Sodium Reactor Stainless 1.14 x 10° 0.057 15.7 5
bide Experiment (SRE) steel
11 Mixed oxide fuel Fast Flux Test Stainless 578x 108 3.96 1110 352
Faciiity (FFTF) steel
12 Uranium-thorium oxide Shippingport Light Water  Zircaloy 7.33% 10° 55.5 218 69
Breeder Reactor (LWBR)
13  Uranium/zirconium Training, Research, and  Stainless 1.21x10° 222 269 102
hydride Isotope production-Gen- steel
eral Atomic (TRIGA)
14 Commercial fuel, PWR PWR (21 assemblies/ Zircaloy 1.43 x 1010 41,440 41,440 4820
pkg)
15 Commercial fuel, BWR BWR (Boiling Water Zircaloy 6.01 x 10° 21,640 21,640 2859
Reactor) (44 assemblies/
pka)
Defense High Level Borosilicate Glass - 3.29x 10° 9842> - -
Waste (9795 4.6-m and 4125
3-m handiing containers
in Categories 2-13)
TOTAL 75,336 75,336 10,810

a This column shows the approximate mass of heavy metal (uranium, plutonium, and thorium) based on the total radicisotope inven-
tory that was used in the calculations. In most cases, these values provide a lower bound on the MTHM reported in Appendices A
and B; however, errors are present in the inventories. Because the inventory determines the heat load and source term for the cal-
culation, the 1997 PA’s estimate of SNF MTHM was used in the calculations to be consistent with the radioisotope inventory. A
comparison of reported and calculated values is presented in Section 3.5.2.

b The MTHM equivalents for all DHLW when note 1(d) of Appendix A of 40 CFR 191 is applied, assuming a radioisotope inventory
in 2030, are 9842. The MTHM equivalents assuming 0.5 MTHM per 3-m handling container and 0.75 MTHM per 4.6-m handling
container are 9409.
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1.4 System Characterization

sents only 3% of the regulatory mass of heavy metal modeled, its influence on total repository performance can be
expected to be small.

Handling and Disposal Containers. A handling container is the container in which the fuel matrix and clad-
ding, if any, is placed. The outermost container is referred to as the disposal container, which is sometimes called a
repository overpack in other studies. The handling and disposal containers are important in determining performance
of the fuels after disposal, because they represent layers of material that protect and confine the fuel. Degradation of
the protective layers and alteration and dissolution of the fuel matrix are modeled in the 1997 PA by means of the
Corrosion and Source Term (CST) submodel, which is described thoroughly in Chapter 7. This sectior describes the
protective layers, represented by the handling and disposal containers, for the different fuels under study based on
information provided by NSNFP (see Appendix A). In the 1997 PA, the commercial spent fuel, PWR and BWR
assemblies, are packaged in a disposal container only (Figure 1-32). Handling containers of DOE SNF and DHLW
are placed together in a disposal container; disposing of DOE SNF/DHLW in one container is referred to as the codis-
posal option (Figure 1-3b). Illustrations depicting the containers as modeled are provided in Chapter 3.

Handling Containers. The handling container for Category 1, N-Reactor fuel, is the Multi-Canister Overpack
(MCO). The MCO has a 61-cm outer diameter stainless steel shell that is 416.6 cm long and 0.95 cm thick; it is sim-
ilar in size to the high-level waste standard DOE handling container.

All handling containers for spent fuel Categories 2 through 13 are constructed of 6.35-mm 304L stainless steel.
Because lengths and diameters of the individual spent fuels differ, their varying measurements are accommodated by
two handling container lengths—short, 3.0m (10 ft), and long, 4.6 m (15 ft}—and three container diameters—
25.4 cm, 43.2 cm, or 61.0 cm (10 in., 17 in., or 24 in.).

The DHLW handling container is modeled as the 3.0-m-long, 61-cm diameter (10-ft-long, 24-in.-diameter) stain-
less steel standard DOE handling container or a 4.6-m-long container.

Disposal Contamers The disposal container for all categories is a large disposal package (LDP), with a 10-cm-
thick outer carbon steel*++ layer and a 2-cm-thick inner Inconel 625 layer. The lengths and diameters vary based on
respective fuel lengths, cross-sectional areas, and fissile content. In the 1997 PA, the disposal containers are
described as either short (3.79 m) or long (5.3 m), and either standard (1.725 m diameter) or super (2.0 m diameter)
(see Appendix A and Chapter 3).

Codisposal Configurations. Current packaging plans propose that DOE SNF be codisposed with DHLW when-
ever possible, primarily because of criticality concerns. Although criticality is not investigated in the 1997 PA, it is
important that the analysis reflect the most current packaging plan. All proposed DOE SNF/DHLW codisposal con-
figurations are listed in Appendlx A; in the 1997 PA, the most frequently used configuration per spent fuel category
was generally modeled.””™ Note that the commercial spent fuel (Categories 14 and 15) is packaged without the
codisposal option, i.¢., no DHLW is included. Table 1-2 lists the codisposal configurations selected for spent fuel
Categories 2 through 13. i

Waste Packages as Modeled. The waste package is the modeling unit in a performance assessment that repre-
sents the radioactive waste and its protective layers. In the 1997 PA, 15 types of waste packages are modeled, which
represent the 13 DOE SNF categories, codisposed with DHLW, and the 2 commercial spent fuel categories, in their
handling and/or disposal containers.

Mass of Heavy Metal per Waste Package. Table 1-1 lists the mass of heavy metal per spent fuel category in the
1997 PA inventory. The regulatory mass for DOE SNF, as provided by NSNFP in Appendix A, reported only the ura-
nium mass, omitting the inventory of plutonium and thorium. Consequently, for consistency, the mass of heavy metal

$%% The carbon steel layer is ASTM A516 Grade 60 steel.

*»xxAc of November 1997, the DOE had determined that only the 1 X 5 configuration will be considered in the future; however, that information
is not reflected in the 1997 PA, which was based on information available as of September 1997.

+1+7In the 1997 PA, Category 1 is not modeled with DHLW in the waste package. However, the proposed packaging plan as of September 1997
did anticipate a small number of codisposal packages for this category; see Appendix A, “Category 1.”
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(2) 21 PWR Disposal Container

TRI-6342-5381-0

(5 Pour Canisters
Stainless Steel 304L)
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Inner Barrier Lid (3041 )

(Inconel 625)

Outer Barrier Lid
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Figure 1-3.  Examples of packaging of spent nuclear fuel and high level waste. (a) Packaging for 21 assemblies of
pressurized water reactor (PWR) commercial fuel and (b) one of the codisposal configurations for
DOE-owned spent nuclear fuel and defense high level waste (DOE SNF/DHLW).
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1.4 System Characterization

Table 1-2. Codisposal Configuration Options for Categories 1 through 13

Handling Container

DOE SNE DHLW Disposal Container
Total
Spent Number Number No. of
Fuel perWaste Diameter perWaste Diameter Length Diameter Mass Waste
Categories  Package (cm) Package (cm) (m) (m) (Mg)  Packages
1 4 61 0 - 530 1.725(std) 16.73 118
12 1 61 3 61 530 1.725(std) 15.12 69
3,5 1 25.4 4 61 379 1725(std) 15.12 650
10, 11 1 254 4 61 530 1.725(std) 21.20 357
4,13 1 43.2 5 61 3.79 2.Q(super) 19.02 305
2,6,7,8,9 1 43.2 5 61 630 2.0(super) 26.38 1632
(TOTALS) 3480* 13,920 3131

* This number reflects the total number of handling containers modeled. The number of modeled and actual containers differs
because more than one codisposal configuration per DOE SNF category was anticipated in the proposed disposal plan, but only
one codisposal configuration was modeled per DOE SNF category in the 1997 PA.

was adjusted in the 1997 PA to match the inventory of radioisotopes (provided in Appendix A) and the matrix masses
were adjusted to include plutonium and thorium. The MTHM equivalents of DHLW were calculated using note 1(d)
of Appendix A of 40 CFR 191. This value is similar to that calculated if one assumed that the DHLW mass of heavy
metal is 0.5 MTHM per DHLW handling container per short (3.79 m) waste package and 0.75 MTHM per DHLW
handling container per long (5.3 m) waste package, as described in Appendix A of this report.

Activity per Waste Package. Table 1-1 lists the initial activity per waste package. For the 1997 PA, the analysts
calculated the activity per codisposal package by adding the DHLW inventory to the DOE SNF inventory per package
by category. The inventories were provided by NSNFP (see Chapter 3 and Appendix A).

Thermal Power per Waste Package. The heat generated by the spent fuel within the waste packages is significant
because a repository design consideration is the spacing of waste packages to ensure a hot repository (see Chapter 5).
Values for the heat generated by the spent fuels after disposal are also essential to computations of near-field hydro-
logic response, which affects corrosion rates of the packages. For the 1997 PA, the activity inventories and decay
parameters (e.g., half-lives) were used to obtain an initial thermal power for each waste package type modeled.

Radioisotopes Considered in the 1997 PA. For the heat generation model, a total of 43 radioisotopes were con-
sidered in the 1997 PA, which included the 41 radioisotopes identified by NSNFP (see Appendix A and Chapter 3),
plus two additional radioisotopes—barium and yttrium, daughters of 135Cs and %Sr—which were added because
they contribute to heat in the first 100 yr. The 41 radioisotopes identified by NSNFP were modeled by CST in the
source term submodel to predict their dissolution and solubility when exposed to groundwater and subsequent effects
onreleases. Only three of the 41 radioisotopes—ngI, 237Np, and 99Tc—were considered in the transport calculations
because earlier studies indicated that these radioisotopes were the most significant with regard to release (Rechard,
ed., 1995). For the DHLW), a total of 49 radioisotopes were considered. Like the 1994 PA, the 1997 PA used the
inventory provided in the 1992 DOE report on Characteristics of Potential Repository Waste (DOE, 1992; Rechard,
ed., 1995).
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1. Introduction

14.3 Characterization of Geologic Barrier

The potential repository site is an unsaturated zone above a water table aquifer at Yucca Mountain, Nevada,
located in a high desert climate (Figure 1-4). The complete characterization at Yucca Mountain as well as the natural
setting, including climate, hydrology, and geochemistry, requires a significant amount of data. The brief discussion in
this section centers on geologic, geochemical, hydrologic, and climatic factors with the most direct bearing on devel-
opment of parameters affecting containment, flow, and transport. Other potentially disruptive geologic factors that
might impact containment, including volcanism and seismicity, have been eliminated from study or shown to have
small influence in previous iterations of the performance assessment by the YMP (M&O, 1995a; Wilson et al., 1994).

The stratigraphy of Yucca Mountain consists of several thousand meters of widespread sheetlike volcanic ejecta
(“tuff”) deposited between 14.1 X 108 yrand 11.3 X 108 yr (Tertiary Period). The siliceous tuff formed as the hot vol-
canic ash and fragments were quickly deposited near a volcanic eruption and welded together as they compacted.
The welding is more complete near the center of the deposit and is typically sandwiched between nonwelded upper
and lower portions. Usually recrystallization of the welded vitric (glassy) volcanic ejecta (devitrification) occurs and
occasionally lithophysae (stone bubbles) are formed when gases are trapped in the cooling welded tuff. The major
welded ash-flow tuffs are typically 100 to 300 meters thick, separated by thinner intervals (a few meters to tens of
meters thick) of nonwelded ash-falls and reworked tuffaceous rocks. The zones of reworked and/or bedded tuff indi-
cate a hiatus after deposition when the volcanic material is eroded by wind or water. The nonwelded and reworked
tuffaceous rocks are more susceptible to alteration and occasionally form zeolites through dissolution, hydration, and
ion exchange. Yucca Mountain, a normal fault block mountain, formed over the last 7 x 108 yr along with other fea-
tures in the Basin and Range topographical province. The tuff layers are tilted slightly to the east near the potential
repository.

Because of the manner of formation, a detailed description of the tuff stratigraphy is difficult. The character of
the tuff in any one deposit changes vertically because of cooling history and horizontally because the ash flows gener-
ally become thinner away from the source caldera. Herein, the stratigraphy is idealized as a series of constant thick-
ness modeling units (“pancakes™) with a dip of 4.6°. The modeling units consist of consecutive layers of tuff with
similar porosity. These porosity data are based on three exploratory wells, USW GU/G-3, USW G-4, and UZ-16
(Figure 1-4), and are combined using an approach similar to that of Rautman (1995) to define the modeling units
(Figure 1-5). The GU/G-3 well is located a few miles south of the potential repository. Because the well penetrates
all of the geologic strata found at Yucca Mountain and layer transitions are fairly easy to identify, the thicknesses of
the modeling units were primarily based on these porosity data. However, because of differences in thickness data
between the GU/G-3 and G-4 wells for the host rock, data from the G-4 well, which was drilled near the potential
repository, were used for the TS modeling units (a major portion of the Topopah Spring Member of the Paintbrush
Formation).

For the most part, interpreted data from the past performance assessment of the potential repository at Yucca
Mountain by Sandia (Wilson et al., 1994; Schenker et al., 1995; M&O, 1995a) were used for all geologic components
of the disposal system without re-evaluation. Exceptions are parameters for which new data were available, specifi-
cally, saturation curves (as defined by the van Genuchten model [van Genuchten, 1980]) and the porosity of the mod-
eling units. The bulk of the geologic barrier characterization is similar to that described by Rechard, ed. (1995) with
some incorporation of observations from other studies such as Rautman (1995), Ho et a.l.##, and Altman et al.
(1996). Updated sorption coefficients (Kp), which impact the retardation effects of some geologic layers are used in
the 1997 PA. As compared to the 1994 PA, the Topopah Spring modeling units have been refined using Rautman
(1995), inclusion of new permeability data from LeCain (1997), and updated infiltration data from Flint et al. (in draft
“Conceptual and Numerical Model of Infiltration for the Yucca Mountain Area, Nevada”). Relatively little new infor-
mation has come from the YMP regarding characterization of the saturated zone; thus, differences between the 1994
and 1997 PAs largely reflect refinements of the modeling approach and are explained in Section 1.7. Because the
emphasis of the 1997 PA is on the waste form, many geologic parameters are not varied. The geologic barrier discus-
sion in Chapter 4 summarizes data and conceptual model attributes to illuminate the choices made in the 1997 PA.

+++$Unpublished report by Ho, C.K., N.D. Francis, B.W. Amold, Y. Xiang, S.A. McKenna, S. Mishra, G.E. Barr, S.J. Altman, X.H. Yang, and R.R.
Eaton. “Thermo-Hydrologic Modeling of the Potential Repository at Yucca Mountain Including the Effects of Heterogeneities and Alternative
Conceptual Models of Fractured Porous Media.” Level 3 Yucca Mountain Milestone Report T6536, M&O Milestone Report. Records Infor-
mation Systern (RIS) accession number MOL.19961219.0269.
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1.4 System Characterization

The 1997 PA approach to geologic barrier characterization and modeling and the ways in which it differs from
the 1994 PA (Rechard, ed., 1995) are discussed in a later section (Section 1.7 and Appendix C). A more detailed
comparison of the present study with other studies (M&O, 1995a; Ho et al.”™™**; Altman et al., 1996) is presented in
Chapter 4.

1.44 Repository Design

Components of the engineered barriers that are specific to the repository design include (1) the subsurface facil-
ity layout, (2) the design for waste emplacement, and (3) specially placed backfill (a subset of which is often called a
“seal”) in the drifts and ramps. These components are briefly discussed below and more thoroughly described in
Chapter 5, Repository Design. The waste package, another component of the engineered barrier, was discussed in
Section 1.4.2. Because many of the precise details of the repository—such as the need for ramps or ventilation, and
the size of the operational area—depend more on the operational phase of the potential repository than behavior after
closure, the discussion below and in Chapter 5 highlights only the dimensions considered pertinent to postclosure
behavior, such as the minimum spacing of waste packages and disposal tunnels.

Subsurface Facilities. For the 1997 PA, the repository modeled is located west of the Ghost Dance Fault and
contains both DOE-owned and commercial spent fuel. The mine design for center in-drift emplacement is a tunnel
and pillar configuration, with the entire repository consisting of 1236-m-long tunnels bored by machine. The tunnels
are surrounded and connected by access drifts, 7.62 m in diameter, which lead to ramps that connect to the surface

(Figure 1-6).

Waste Placement in Repository. In addition to size, design features of the repository that can affect its long-
term performance are the orientation of the waste package and the spacing of waste packages and disposal tunnels.

Orientation of Waste Packages. For the 1997 PA, the orientation for placement of waste packages is center in-
drift on pedestal (CIDP) emplacement (Figure 1-7), which is the most recent design choice by the YMP (M&O,
1996). With the CIDP option, waste packages are placed by means of a remote controlled rail-mounted gantry crane
on permanent pedestals, composed of carbon steel, that are prepositioned in the drift (M&O, 19953, p. 3-7). In the
1997 PA, no gravel or other material is placed beneath the pedestal.

Spacing of Waste Packages and Disposal Tunnels. The design goal in the 1997 PA was to use the “hot” reposi-
tory concept, which is defined according to density of heavy-metal mass, which, for commercial spent nuclear fuel, is
roughly equivalent to calculating areal power density. The design-basis MTHM density used by the YMP is 2.1
MTHM/m? (85 MTHM/acre). This goal is achieved by controlling the spacing among nearest-neighbor waste pack-
ages. The purpose of designing a hot repository is to dry out the host rock for hundreds of years. The amount of heat
produced varies with time and is a function of the time that the radioisotopes have decayed (fuel “age”) and the origi-
nal irradiation of the fuel in the nuclear reactors (fuel “burnup”). (The heat rates and MTHM totals for the spent fuel
modeled in the 1997 PA are shown in Chapter 5.)

In this performance assessment, the waste is uniformly distributed throughout the repository, with DOE-owned
waste comingled with commercial waste. The DOE-owned waste, which is cooler than the commercial waste, is
placed relatively close to the commercial waste (see Figure 1-8). The intention is to produce a temperature profile
throughout the repository that is fairly uniform. Figure 1-8 illustrates the spacing of the DOE-owned and commercial
waste assumed per 77-m section of the repository; this spacing pattern is repeated throughout each 1236-m disposal
tunnel. (The 1236-m length includes two 2-m access tunnels.)

The maximum density of 2.1 MTHM/m? was evaluated by the YMP (M&O, 1995a) and depends on (1) a maxi-
mum centerline temperature in a waste package to prevent excessive failures of fuel cladding, (2) a host rock/waste

=*x#»+{Jnpublished report by Ho, C.K., N.D. Francis, B.W. Amold, Y. Xiang, S.A. McKenna, S. Mishra, G.E. Barr, S.J. Altman, X.H. Yang, and
R.R. Eaton. “Thermo-Hydrologic Modeling of the Potential Repository at Yucca Mountain Including the Effects of Heterogeneities and Alter-
native Conceptual Models of Fractured Porous Media” Level 3 Yucca Mountain Milestone Report T6536, M&O Milestone Report. Records
Information System (RIS) accession number MOL.19961219.0269.
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1.5 Scenario Development '

package interface temperature to prevent undesirable thermal stresses around the room, and (3) a maximum tempera-
ture in the zeolitic layer below the repository to prevent excessive alteration.

Disposal Tunnels. In the potential repository layout described in TSPA-1995 M&O, 1995a), the disposal tunnel
spacing is 28 m. Based on heat loads of the waste used in the 1997 PA, a spacing of 28.6 m between the 5.3-m-wide
tunnels was used to maintain a heat load equivalent of 2.1 MTHM/m? for commercial fuel. The disposal tunnels are
assumed to be lined with a 0.2-m-thick precast concrete liner. A thick segment on the base of the tunnel forms an
invert into which a minimum of 3 piers can be set for container support (Figure 1-7).

Backfill, As used herein, backfill is the material that fills the excavated openings of the repository. Special cate-
gories of backfill include (a) seals for providing immediate sealing of access drifts and ramps and (b) backfill that is
placed directly around the waste package. In the 1997 PA, only the ramps to the disposal area were assumed to be
backfilled and effectively sealed.

Backfill was not used in the access drifts, disposal tunnels, or directly around or below the waste package in the
invert. An air gap was selected in place of backfill because the trapped air in crushed-tuff backfill, which has a low
thermal conductivity, would act as an insulator, thus increasing centerline temperatures. Also, the gap provides a cap-
illary break, which does not eliminate dripping but does limit contact of water percolating through the matrix, which
is important to the corrosion calculations.

1.5 Scenario Development

Herein, scenario development is considered the second phase of conceptual model development (the first phase
being system characterization, Section 1.4). Generally speaking, scenario development is the process of deciding
what may happen to the disposal system in the future and how to model it.

1.5.1 Selected Features, Events, and Processes

The selected features, events, and processes were drawn largely from previous studies, e.g., TSPA-1993 (Wilson
et al., 1994). Because the focus of the 1997 PA is the performance of DOE SNEF, some combinations of events and
features were not evaluated, e.g., volcanism was not considered based on results from a previous performance assess-
ment, which showed a probability of occurrence to be just above 10 in 10,000 yr in conjunction with insignificant
releases (Wilson et al., 1994). The basic features, events, and processes selected for modeling in this performance
assessment are briefly summarized below.

Features. The basic features explored in the 1997 PA are (1) areas of concentrated infiltration above the reposi-
tory; (2)a highly fractured, tilted pancake stratigraphy; (3)a large unsaturated zone that holds a repository;
(4) horizontal emplacement of waste packages; and (5) an underlying aquifer. These features are described in Section
1.4 and Chapters 3, 4, and 5.

Event. No events are considered in the 1997 PA; neither human intrusion nor criticality is specifically modeled.
(However, related criticality calculations are performed as part of the broader DOE program for developing a safe,
cost-effective technical strategy for the interim management and ultimate disposition of DOE-owned spent fuel and
high-level waste.)

Processes. Basic processes are explored for the geologic barrier, waste form, waste package, and repository.
Geologic Barrier. For the geologic barrier, processes considered are two-phase flow with multicomponent gases
coupled with heat conduction, allowing possible phase change in a fractured, porous matrix, and infiltration variations

from climate change. The transport process of radionuclides in the liquid phase with large degrees of sorption is also
included, as is transport of O, from the surface to the repository horizon, which is an important focus of this analysis.
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Waste Form. For the waste form, the process considered is control of radionuclide release by solubility; matrix
alteration or immediate release of some radionuclides in gaps and grain boundaries of spent fuel; and degradation of
the cladding and the matrix containing radionuclides. Note that the 1997 PA code, BRAGFLO_T, is capable of mod-
eling the retarding effects of cladding on fuel matrix exposure, but this effect was not modeled in the 1997 PA
because of a requirement for consistency with a-TSPA-1997. Therefore, all cladding was modeled as 100% failed
with regard to its protective features, as required by NSNFP. The effect of cladding degradation on oxygen consump-
tion, however, was modeled.

Waste Package and Repository. For the waste package and repository, processes considered are O, consumption
from several layers because of general oxic corrosion, radiomiclide release through the container(s) controlled by
localized corrosion, diffusion from concentration gradient, and advective flow through container breach into the host
rock.

The incorporation of the features, events, and processes is discussed in the chapters on consequence modeling,
Chapters 7 through 10.

1.5.2 Calculational Design

In general, the approach for this analysis was the same as in the 1994 PA (Rechard, ed., 1995), with some aspects
updated. Specifically, the analysis (a) used the methodology established by Sandia National Laboratories for assess-
ing the long-term performance of the Waste Isolation Pilot Plant (WIPP) geologic disposal system, (b) coupled the
model of the source term with the model of two-phase flow in the unsaturated tuff, (c) used updated data collected for
the potential repository at Yucca Mountain, Nevada, and (d) improved the traceability and repeatability of the analy-
sis. These aspects are summarized below and also are discussed in more detail in Chapter 6, Analysis Design. Model
descriptions and assumptions can be found in Chapters 4 through 10.

Selection of the appropriate level of model sophistication is an important aspect of a performance assessment.
Past experience has shown that use of simple analytic expressions of complicated phenomena, even though consid-
ered to be conservative, is not always acceptable. For example, the U.S. Environmental Protection Agency (EPA)
questioned the one conservative simple model in the performance assessment analysis of the WIPP because the model
could not be certified as reasonable. In response, the WIPP Project had to adopt a more complicated model that could
be defended scientifically as reasonable (Rechard, 1998).

For the 1997 PA (which is essentially an update and improvement to the 1994 PA), Sandia

s simulated the complex details of contaminant transport in heated, unsaturated tuff directly in its analysis to
complement the development of abstractions used in a-TSPA-1997.

s included transport of O, in order to evaluate whether natural processes significantly limit concentrations of
reactants such as O, and HyO, reducing the oxidation rate of container or waste.

s neglected credit for cladding of SNF and used the same inventory to match a-TSPA-1997.

To update the 1997 PA and coordinate a better comparison of its results with a-TSPA-1997, Sandia

¢ attended the workshops conducted by the YMP performance assessment team to learn of the most recent
designs, modeling issues, and data available on the potential Yucca Mountain repository.

To improve traceability and repeatability, the 1997 PA for the DOE/EM has

s used a centralized database for all parameters in the performance assessment models in the current analysis
(3024 parameters; 2755 assigned constants, 269 with assigned distributions, 63 of which were varied),
including references.

s provided extensive documentation on the conceptual and applied models used in the current analysis.

s incorporated configuration management software and detailed batch scripting of the simulations in the current
analysis.
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1.6 Probability Modeling

The YMP’s PA (a-TSPA-1997) was deterministic in that model parameters were set at their “best estimates.”
However, several parameters were varied to determine the sensitivity of the results. The 1997 PA was probabilistic in
that 63 parameters were treated as uncertain, with 90 simulations run to develop a distribution of results. In addition,
two deterministic runs, with parameters set at their mean and median values, were conducted.

1.5.3 Conceptual Models

In a performance assessment of radioactive waste after disposal in an underground repository, the conceptual
model describes the processes by which radionuclides might be released and the ways in which these processes are
modeled. Given the requirement that the repository be located in the unsaturated zone and that packages of spent fuel
would be placed in a dry portion of the repository and in good condition, several models and disciplines are necessary
in the 1997 PA for simulating plausible alteration of the handling and disposal containers. Flow modeling must
account for percolation flux through the unsaturated repository horizon, which arises from the infiltration of precipita-
tion at the ground surface minus the amount that is returned to the atmosphere through evapotranspiraﬁon.Tﬁﬁ The
portion of the infiltration that reaches deeper into the tuff percolates downward to the water table (top of the saturated
zone) under the control of capillary and gravity forces. The heat from the radioactive decay of the waste influences
this downward percolation and must be considered in performance assessment. Heat generated as the waste decays
can disrupt any normal water movement through the tuff very near the repository, potentially drying out areas of the
repository; however, this dry-out zone eventually disappears as the waste cools (Figure 1-9). The amount of dry-out
zone present depends on the design of the repository (i.e., the spacing of disposal tunnels, the spacing and thermal
loading of the waste packages, the type of waste, and the age of the waste) and the movement of water in the micro-
and macro-fractures in the tuff from water dripping on the packages and water flow through the failed packages.

Degradation of the protective layers and alteration and dissolution of the waste form requires a detailed source
term model incorporating corrosion chemistry and geochemistry with coupling to a fluid flow code. Once radioiso-
topes are leached from the wastes by means of either diffusion or advection, they can migrate through the unsaturated
zone to the water table and then be transported to the accessible environment through the saturated groundwater flow.
In the unsaturated zone, the migration of radioisotopes is a function of the percolation flux, dispersion, and retarda-
tion of radioisotopes by sorption to mineral surfaces along the flow path or by diffusion into slower percolation zones
(diffusion from the fractures into the rock matrix where flow is slower). Sorption is a function of the chemistry of the
specific radioisotope, the chemistry of the fluid, and the chemistry of the minerals along the flow path. Dispersion is
the spreading of the plume caused by the tortuous paths that the radicisotopes follow through the openings (pores and
fractures) in the rock.

At the water table, the concentration of radioisotopes is diluted by the flow in the saturated zone. The radioiso-
topes are then transported through the saturated zone to the accessible environment where their concentration can be
compared to a performance metric, in this case, dose to an individual. Along the transport paths to the accessible
environment, the concentration of radioisotopes is reduced by dispersion and delayed by retardation (lagging behind
the flow because of sorption and matrix diffusion). The delay caused by retardation may provide time for reduction
of concentration through radioactive decay, depending on the delay time in relationship to the haif-life of the specific
radioisotope.

Further information about conceptual models can also be found in the discussions of their related computational
models (Chapters 7 through 10).

1.6 Probability Modeling

In general, for a performance assessment, two types of probability models are used. The first estimates the like-
lihood of uncertain parameter values by constructing distributions for imprecisely known model parameters. The sec-
ond estimates the likelihood of the broad classes of the parameter space, called summary scenarios; however, the

+14++Much of this description was originally summarized in Bodvarsson et al., eds., 1997.
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1.7 Consequence Modeling

latter are not used for this analysis. The model parameters themselves are discussed primarily in the chapters that
characterize the system (Chapters 3, 4, and 5).

Identification of model parameters considered uncertain and the assignment of distributions are described in
Chapter 6, Analysis Design. In this performance assessment, this parameter uncertainty is propagated through a
Monte Carlo technique. Integration of mathematical equations through Monte Carlo techniques is discussed in more
detail in Rechard (1995). Latin hypercube sampling is used to minimize the number of random samples needed in the
Monte Carlo technique to adequately capture variability in the parameters and, thus, the number of simulations run in
the consequence models (McKay et al., 1979; Iman and Conover, 1980).

1.7 Consequence Modeling

A major portion of the performance assessment methodology consists of simulating the selected features, events,
and processes to estimate the amount of contaminants released to the accessible environment. The simulation also
includes propagating the uncertainties of model parameters to evaluate the uncertainties associated with the predic-
tions. In this section, the most significant aspects of the simulation (or “consequence modeling™) are highlighted.

The 1997 PA examined the acceptability of minimally treated waste forms, which relies on the characteristics of
the spent fuel as is and the engineered design of the waste package. Thus, an effort of prime importance was the mod-
eling of phenomena related to the release of radionuclides near the package. The model used for consequence model-
ing is actually a composite function of several models (Figure 1-10), which are discussed briefly below and in more
detail in later chapters of this report:

¢ Corrosion and source term submodel (Chapter 7)
e Unsaturated zone, flow and transport submodels (Chapter 8)

Modeling : Consequence Probability Modeling
Preparation Modeling and Results Analysis
* Mesh Generation 4 o Compliance Evaluation
Codes % o Codes
¢ Parameter Assignment = e Statistical Codes
Codes A e Plotting Codes
\\

i

ree 2

1. Corrosion and Source 2. Unsaturated Flow and 3. Saturated Flow 4. Biosphere

Term Transport and Transport Transport
e CST e BRAGFLO_T e STAFF3D e GENII-A
= NUTS
TRI-6342-4410-0

Figure 1-10. Four categories of codes used for consequence modeling. The primary focus of the model was on phe-
nomena related to the release of radioisotopes near the waste package. Linkage of these codes is

depicted in Chapter 6.
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¢ Saturated zone, flow and transport submodels (Chapter 9)
¢ Biosphere transport submodel (Chapter 10).

1.7.1 Corrosion and Source Term Modeling

Most phenomena associated with the waste package are included in the source term code, CST, which is a sub-
model to the flow and transport codes. CST is a modified source term model that replaces the code used in the 1994
PA, USATCONC. The primary improvement in the source term model in 1997 is the ability to account for O, con-
sumption. Chapter 7 provides additional details.

Modeling the corrosion of the container and fuel is a complex process because of (a) the wide variety of waste
forms, which include radionuclides residing in up to 10 different matrices and up to 8 nested layers of material,
(b) the need to track breach of a protective layer from localized corrosion, (c) the necessity of monitoring consump-
tion/production of gases from all layers, (d) the need to evaluate the availability of oxygen, and (e) the possibilities of
water contact, i.e., through either direct contact with the tuff matrix or dripping from fractures (see Section 1.5.3).
For example, a container of ATR fuel (Category 6) has five layers (two of stainless steel) that must be breached before
water can liberate the radioisotopes in the uranium-aluminide fuel matrix.

Capabilities of CST. CST tracks radioisotopes in four locations within the container to properly account for
their ultimate release. CST’s capabilities include (1) decay of any number of radioisotopes, (2) defining many differ-
ent waste packages, each with different protective and nonprotective layers and different matrices containing the
radioisotopes, (3) basing the amount of water for corrosion on saturation in fractures at each time step as calculated in
the unsaturated flow model (Section 1.7.2), (4) defining wet and dry anoxic and oxic corrosion, (5) temperature
dependence of corrosion rates, (6) diffusion through rubble around the waste packages, and (7) radioisotope sorption
on corroded containers (e.g., iron in 1997 PA).

The corrosion section of the source term submodel estimates the mass of material corroded in each protective
layer of the container or fuel over a time step, determines when a layer is breached and the underlying layer is
exposed, and estimates the amount of gas and liquid corrosion products that are produced or consumed and the total
summed mass of material that readily absorbs radioisotopes (e.g., rust). In the unsaturated zone, sufficient oxygen
available for oxic corrosion might be assumed. However, it is entirely possible that corrosion of the large quantities
of steel can deplete the oxygen such that corrosion is anoxic, a situation that may apply especially deep inside the
waste package.

Once the waste is exposed, CST determines the release of radioisotopes by means of the rate of release from the
matrix containing the material, the solubility of the material in the groundwater, and advection and diffusion from the
package. For example, once exposed, some uranium metal matrices alter quickly relative to uranium dioxide (e.g.,
UAl, in ATR fuel and UC, from graphite fuel), but because neptunium in the matrix is not very soluble, additional
water is necessary to advect it from the package. Also, both intact air gaps and gaps filled with rubble from degrada-
tion of the disposal tunnel over time were considered because (1) the presence of the rubble meant that, in addition to
dripping, the matrix could have contact with water percolation and (2) a diffusion pathway through the rubble was a
potential release mechanism for radioisotopes.

Radioisotope Solubilities. In conjunction with performance assessments for the YMP in 1993, radioisotope sol-
ubilities were estimated based on experiments and geochemical calculations to account for differences in values for
parameters that influence solubility. These results, combined with expert opinion, were then used to develop values
for radioisotope solubilities. Although a formal elicitation process, such as that performed by Trauth et al. (1992),
was not pursued, opinions from several project scientists were solicited in TSPA-1993 to define distributions for the
solubility of radioisotopes in an oxic environment, assuming water conditions bound by J-13 and UE-25P#1 well
water in the underlying aquifer (Wilson et al., 1994, p. 9-6; also see Chapter 4). The 1997 PA decreased the solubility
of 237Np in a Yucca Mountain environment by two orders of magnitude from that used in the 1994 PA and TSPA-
1995 because of more recent interpretation of experimental results, as explained in Chapter 7.
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1.7.2 Unsaturated Zone, Flow and Transport Modeling

In the performance assessment, flow and transport codes are used to model phenomena rélated to migration of
radioisotopes away from the container (see Figure 1-9). The gas consumed during corrosion and the amount of radio-
isotopes released from the container are calculated in the corrosion and source term submodel (CST, see Section
1.7.1) and coupled to the flow and transport modeling codes. The 1997 PA unsaturated zone model is two-dimen-
sional using BRAGFLO_T, which handles two phase flow (water in both liquid and vapor phases) and heat transfer.
The modeling code NUTS is used for transport modeling. NUTS uses flow field results from BRAGFLO_T to evalu-
ate transport of contaminants, as explained in Chapter 8 (see also Figure 1-10).

Capabilities of BRAGFLO_T. BRAGFLO_T (Version 3.10) was used to compute the time-dependent flow of
three components (O,, N,, and water in both the liquid and vapor phases) near a waste package. These results were
then used to evaluate consumption of O, or H,O during alteration of the container and spent fuel and determine fail-
ure times of containers and release of radioisotopes. BRAGFLO_T (Rechard, ed., 1995) is an enhanced version of
the isothermal multiphase flow code, BRAGFLO (WIPP Performance Assessment Dept., 1997; Bean et al., 1996).
One of several enhancements of BRAGFLO_T was the addition of an energy balance equation, so that thermal effects
on both fluid and rock properties are incorporated. Heat transport is by conduction and convection, the latter includ-
ing both specific heat that results in temperature change and latent heat. BRAGFLO_T uses a finite-difference formu-
lation to solve four partial differential equations that describe the mass and energy balance of the three-component,
two-phase system. Fick’s Law and a multiphase extension of Darcy’s Law are used to describe fluid flow. Features
such as vapor pressure lowering due to capillary pressure and diffusive mass flux in the gas phase, similar to
TOUGH2 (Pruess, 1991), are included.

Because volcanic tuff is highly fractured, the mathematical models that underlie these codes for both the unsatur-
ated and saturated flow regimes are special cases of a dual-permeability model. A dual-permeability model consists
of a fracture system and a matrix system that are fully coupled in properties such as pressures of each phase, temper-
atures, and velocities. In BRAGFLO_T, the composite porosity simplification (Peters and Klaveter, 1988) (also called
equivalent continuum [Pruess et al., 1990]) of the dual permeability formulation is used for fluid flow, that is, the frac-
tures and matrix are assumed to have thermodynamic equilibrium (phase pressures and temperatures) between matrix
and fractures. Consequently, one set of thermodynamic variables (e.g., a single saturation and permeability function)
is assumed to represent the state of the fracture and matrix system.

Computational Grid. In the 1997 PA, the modeling unit layers, which represent stratigraphy, exhibit surface
topography and stratigraphic dip by assigned rock properties that vary from unit to unit, and lateral homogeneity
within each unit. The modeled cross section extends from west of the Solitario Canyon Fault near well H-6 to just
east of the Ghost Dance Fault (Figures 1-4 and 1-6) passing near the location of well SD-12. Faults are represented
by assigning different hydrologic properties from surrounding units, and the units were offset in accordance with the
geologic framework data. Note that, in contrast, the 1994 PA did not model faults in the unsaturated zone and the
modeling units were flat lying (because the cross section was north-south where stratigraphic dip is about one to two

degrees).

Infiltration Model. Climate change was included in the analysis because it can enhance infiltration and thus
percolation of water through the unsaturated zone and repository. The average injection rate over the model was
described as a cosinusoidal function to simulate potential variation. The resulting average infiltration over the model
grid was then varied according to a representative infiltration profile obtained from Flint et al. (in draft “Conceptual
and Numerical Model of Infiltration for the Yucca Mountain Area, Nevada”) (see also, Altman et al., 1996). In addi-
tion to this regional variation, at one cell over the repository near the crest of Yucca Mountain, a sample factor
focused infiltration between 1 and 10 times that over the rest of the repository. Additional details are provided in

Chapter 8.
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1.7.3 Saturated Zone, Flow and Transport Modeling

The saturated zone (see Figure 1-9) was modeled in three dimensions with STAFF3D (Huyakorn et al., 1992)
(Figure 1-10), assuming a pancake layering as previously described (Section 1.4.3), except that the two top units,
TCw and PTn, were omitted from the model and the TS units were grouped as one unit (TSwc), unlike the treatment
in the unsaturated zone model (see Chapter 4, Figure 4-9). For the simulation, the dual-porosity simplification of the
dual-permeability conceptual model is used. In the dual-porosity formulation implemented in STAFF3D, radioiso-
topes move through the fracture continuum by convection and dispersion and between the fracture continuum and the
porous matrix by diffusion orthogonal to the fractures. The injected water from infiltration has only a small influence
on fluid flow in the saturated zone; hence, a steady state simulation was used for each sample vector with an average
infiltration value calculated over the 100,000-yr simulation period from the sampled cosinusoidal function. The two-
dimensional unsaturated NUTS transport model was coupled to the three-dimensional saturated zone STAFF3D
model by taking the radionuclide flux (kg/s) across the grid block elements just above the water table from NUTS and
using it as the source radionuclide flux input (kg/s) just below the water table in STAFF3D.

The cursory description of the mathematical model and a detailed description of the applied model is provided in
Chapter 9.

1.7.4 Biosphere Modeling

Dose to humans was evaluated in the 1997 PA by means of the software code, GENII-A. In addition, calcula-
tions similar to the method used in a-TSPA-1997 were conducted for purposes of comparison. The performance met-
ric was maximum annual effective dose equivalent (EDE) to an individual from release of radioactivity by way of the
potential repository.

The software code, GENII-A (Napier et al., 1988a,b,c) was used to evaluate individual dose from the migration
of radioisotopes through the biosphere that reach the accessible environment by means of a water well. GENII-A
uses the concentrations for the transported radioisotopes from STAFF3D (for the 5-km boundary location). The 1997
PA considers three cases: (1) a Ranch-case, in which a rancher is exposed to radioisotopes by means of beef con-
sumption only, (2) a Farm case, in which a member of a farming family is exposed to radioisotopes by means of food
consumption, water consumption, and inhalation, and (3) a Small Community case, in which an average resident of a
small community uses the contaminated water for drinking and consumes some foods grown locally from the Farm
activities, including vegetables, fruits, dairy, and meat products.

For each case, dose is evaluated from peak concentrations of the transported radioisotopes—12°I, 237Np, and
9Tc—at the 5-km boundary, i.e., as if the Rancher, Farmer, or Small Community had drilled a water well into the sat-
urated zone at the point on the 5-km boundary that showed the highest radioisotope concentrations. A more detailed
description of biosphere modeling in the 1997 PA is found in Chapter 10.

1.8 Performance Metrics

The results of this report are intended to serve as a tool for making rational decisions regarding resource alloca-
tion for characterizing spent fuel and for evaluating the current disposal option. Thus, the results of most importance
are (1) the relative position of the performance measures with respect to the reference waste form, commercial spent
fuel, and (2) the relative importance of model parameters in determining the value of the performance measure. The
latter information is discovered through sensitivity analysis (Section 1.9). The results of the performance assessment
are discussed further in Chapter 11. It is also useful to measure the performance of DOE SNF and commercial spent
fuel against specific performance criteria, because the results provide information about broader issues that relate to
both spent fuel types.
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1.9 Sensitivity Analysis

Currently final standards do not exist for the potential repository at Yucca Mountain; 40 CFR 191 (EPA, 1985;
1993) does not apply. Furthermore, implementing regulations such as 10 CFR 60 (NRC, 1993) must be modified. In
selecting performance criteria, the 1997 PA based its decisions on current information with regard to probable future
standards. The 1997 PA included dose to an individual, which was used in a-TSPA-1997 and also has been recom-
mended by the NAS (NAS/NRC, 1995). The time period selected was 100,000 yr, which was longer than the sug-
gested period of 10% yr by the EPA in 40 CFR 191, but less than the 108-yr period suggested by the NAS. The 1997
PA also relied on the requirements of the EPA’s standard, 40 CER 191, including the 5-km exclusion zone and Indi-
vidual Protection Requirements. The results at several intermediate points were also evaluated and presented.

1.9 Sensitivity Analysis

The final step of the performance assessment is sensitivity analysis. Sensitivity analysis is used to determine the
effect of varying model parameters on the consequences. The sensitivity analysis reported herein basically includes
creating scatterplots and developing regression models between the parameters and the various results (see, for exam-
ple, Helton et al., 1992) and using the absolute values of standardized regression coefficients (or the mathematically
related partial correlation coefficients) from regression models.

Because uncertainty and sensitivity analyses are inherently conditional on the models, data distributions, and
techniques used to generate them, they cannot provide insight about parameters not sampled, conceptual and compu-
tational models not used in the analysis in question, or processes that have been oversimplified in the analysis.
Hence, qualitative judgment about the modeling system must be used in combination with the results of sensitivity
analyses to set priorities for additional data acquisition and model development. The sensitivity analyses are dis-
cussed along with other results in Chapters 11 and 12.
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2. Performance Criteria
.R. P. Rechard

The 1997 PA compares the performance of DOE SNF to that of commercial spent fuel, using criteria that repre-
sent a reasonable means of measuring performance in a potential repository at this time. The 1997 PA is not intended
to evaluate compliance with standards; in fact, at present, no final standards exist. However, DOE SNF’s behavior as
compared to commercial spent fuel’s can be used to inform decisions about future actions with regard to DOE SNF;
in turn the performance of commercial spent fuel measured against specific performance criteria provides information
about broader issues that relate to both spent fuel types. Thus, performance criteria were selected based primarily on
two sources: the Environmental Protection Agency (EPA) Standard, 40 CFR 191 (EPA, 1993), and guidance pro-
vided by the National Academy of Sciences (NAS) in 1995 regarding a proposed future standard for repository
licensing (NAS/NRC, 1995).

2.1 Performance Metrics

Previously, two general types of performance metrics existed for the proposed commercial repository at Yucca
Mountain: (1) requirements for the entire disposal system, developed by the EPA in 40 CFR 191, and
(2) requirements for several components of the disposal system, developed by the NRC in 10 CFR 60. Current
choices with regard to these requirements for disposal system behavior are discussed below.

2.1.1 Relative versus Absolute Metrics

At present, final standards for disposal of radioactive waste in the potential repository at Yucca Mountain do not
exist; 40 CFR 191 does not currently apply. Furthermore, implementing regulations such as 10 CFR 60 must be mod-
ified. Thus, the performance criteria selected by the 1997 PA do not represent final, absolute criteria. However, per-
formance is evaluated against these criteria so that results of this study can be compared to previous or future studies.
More important in this analysis, however, is the performance of DOE SNF relative to the performance of commercial
spent fuel. Thus a relative comparison of spent fuel forms is the primary focus of the 1997 PA.

2.1.2 Overall System Requirements

The Energy Policy Act of 1992 expresses the strong desire of Congress to use a dose or health risk as an overall
system requirement for the repository. In addition, the NAS and currently proposed legislation adopt a risk limit,
while 40 CFR 191 as repromulgated in 1993 has a dose limit of 150 pSv (15 mrem) (Figure 2-1). The latter value is
used in this analysis and roughly corresponds to the limit, proposed in current legislation, of an increase of 1 in 1000
risk of latent cancer.

2.1.3 Subsystem Requirements

The NAS twice has recommended against subsystem requirements as they currently exist in 10 CER 60 (NAS/
NRC, 1995; NAS/NRC, 1992a). Consequently, no subsystem comparisons were made in this analysis.
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Figure 2-1. Dose comparisons from various sources. The 1997 PA uses the 40 CFR 191 dose limit of 15 mrem,
which roughly corresponds to the limit proposed in current legislation of an increase of 1 in 1000 risk
of latent cancer:

2.2 Modeling Style Issues

Modeling style refers to the guiding philosophy used to construct models. The current laws and regulations have
provided three important influences with regard to modeling style: location of the accessible environment, exposure
pathways, and the time period examined.

2.21 Location of Accessible Environment

In 40 CFR 191, the EPA defined the exclusion zone to be an area out to 5 km from the disposal region; the area
beyond was defined as the accessible environment. The NAS did not recommend an exclusion zone, but did advise
looking at current living patterns to determine populations at risk. Current proposed legislation mandates a similar
approach but restricts the search for current living patterns to a 50-mile radius about the repository. At Yucca Moun-
tain, locations where populations currently use water from the aquifer under the potential repository are quite far from
the potential repository itself. Although the locations of potentially exposed populations or an exclusion zone is
important in determining the absolute risk or dose to individuals, the location is not particularly significant when
making relative comparisons among different types of fuel. Furthermore, the long distances to current population
locations in the region would require an excessively large numerical mesh for simulating transport of radioisotopes.
Consequently, this report uses one arbitrary boundary—S5 km—to evaluate doses to exposed individuals. Potential
doses are also calculated at the boundary of the waste package and at the water table below the repository in specific
instances.

2.2.2 Exposure Pathways to Critical Subgroups of Population

Besides the location of the exposed individuals, as discussed above, the calculation of a dose or health risk to a
critical subgroup of the population depends upon other assumptions about the habits of individuals in the future.
Consistent with most analyses, the behavior and knowledge of future potentially exposed populations were assumed
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to be the same as those today; current proposed legislation contains a definition of a critical group. A critical sub-
group of today’s population was assumed to be ranchers, who consumed meat from cattle that drank contaminated
water, and subsistence farmers who draw well water from the contaminated aquifer for drinking and irrigation of all
their food. Further discussion of this topic, along with the method of calculating the dose, is found in Chapter 10.

2.2.3 Time Period’

For its regulatory time period, the EPA chose maximum dose over 104 yr; current pending leglslauon mandates a
similar requirement. The NAS recommended that peak maxxmum doses be calculated ovet a 10° -yr simulation.
Based on previous work (e.g., Rechard, ed., 1995), doses out to 10% yr were thought to be negligible even at a well
located 2. 4 km from the repos1tory Hence, the 1997 PA chose to calculate the peak maximum dose over a 100,000-yr
simulation” (i.e., between the time periods suggested by the EPA and current regulations [10* yr] and the NAS

(106 yr)).

L d

Mean and median runs for all models were run to 100,000 yr. For BRAGFLO_T and NUTS, the 50 realizations were run to 50,000 yr only.
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3. System Characterization:
Waste Packages
L. J. Storz, R. P. Rechard, C. T. Stockman, and L. Taylor

This chapter discusses spent fuel characteristics and packaging, and related modeling parameters necessary to
predict DOE SNF performance in the potential repository; the spent fuel and packaging are characterized as part of
the engineered barrier system. (Repository design is another component of the engineered barrier system; see Chap-
ter 5.) In the present PA, modeling the rates of package corrosion, fuel oxidation, and resulting release rates was
empbhasized.

The most inclusive term, waste package”, is used in this report to describe the spent fuel or high-level waste as it
would reside in the repository. The waste package includes the spent fuel and high-level waste, handling and/or dis-
posal containers, and any material placed between the disposal container and the host rock (none in this study). Spent
fuel refers here to the packaged components including fuel rods, brackets and hardware. The high-level waste in this
study is defense waste immobilized in borosilicate glass.

In the 1997 PA, thirteen categories of DOE SNF are under study and their performance is compared to that of
two commercial spent fuel categories. The DOE SNF categories are packaged with DHLW to reflect DOE’s pro-
posed packaging plan as of September 1997; packaging DOE SNF with DHLW is called the codisposal option. In
this chapter, we identify the DOE SNF and commercial fuel categories under study; discuss the types of handling and
disposal containers for all spent fuel categories; describe the codisposal configurations; and then provide data about
the 15 waste packages modeled in the 1997 PA, including related parameters. All information about the spent fuel
and packaging was provided by NSNEFP, as shown in Appendix A.

3.1 Description of Modeled Spent Fuel Categories

The INEEL manages approximately 38% (by volume) of the DOE SNF and is projected to receive more in the
future for an inventory that will eventually include about 60% (by volume) of the total. While awaiting licensing of a
permanent repository, the DOE SNF, which is presently packaged and stored, may be characterized and treated; there-
fore, information about the need for additional fuel characterization and treatment is of importance to the DOE/EM.

Cladding and fuel matrix were selected as the two most important variables related to the fuel. Cladding is the
outer coating of the fuel matrix such as a tube or a plate and is intended to isolate the fuel matrix from the external
environment. The main classes of cladding in the DOE SNF inventory are zircaloy, stainless steel, aluminum, graph-
ite, and no clad, all of which were modeled in the 1997 PA. Though there are several types of zircaloy, only Zircaloy-
2 was modeled in the current PA. The condition of the cladding can be described as intact, unclad/declad, or severely
breached. Cladding integrity can be expressed by giving a percentage of elements with penetrations through the clad-
ding and a description of the size of the penetrations, such as pinhole. BRAGFLO_T is capable of modeling the
retarding effects of cladding on fuel matrix exposure, but this effect was not modeled in the 1997 PA because of an
NSNFP requirement for consistency with a-TSPA-97 (M&O, 1997). Therefore, all cladding was modeled as if 100%
failed, so the retarding effect of the cladding was neglected. The effect of cladding on oxygen consumption, however,
was modeled for the cladding, with the exception of TRISO and glass, for which no stoichiometry is presently avail-
able.

Fuel matrix includes the physical form and composition of the substance that holds the fissile material such as
U0, pellets, uranium metal, or UO, beads embedded in aluminum. (In other studies, fuel meat is a term sometimes
used in place of fuel matrix.) In its common usage it includes the fissile material as well. The fuel matrix enrichment

Another term used in the 1993 and 1994 PAs is waste parcel, which included all components of the waste package except backfill between the
container and the host rock. In the 1997 PA, the waste package and the waste parcel are the same because only an air gap surrounds the waste
package.
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3. System Characterization: Waste Packages

is the percentage of the fuel matrix that is fissile. The 235 equivalent is <5% for low enriched uranium (LEU); 5% <
enrichment < 20% for medium enriched uranium (MEU); and >20% for high enriched uranium (HEU). Because the
current regulations do not allow credit for cladding as a protective layer, the chemical composition of the fuel matrix
presently determines the rate of release of various radioisotopes based on leachability and solubility (Appendix A).

Within the NSNFP DOE SNF inventory are more than 250 individual types of spent nuclear fuel in various
matrices and configurations with fissile material enrichments that range from depleted to 97%. The spent fuel and its
cladding occur in various conditions from declad to minor breaches; some fuel elements are crushed or melted.
Because of the varied conditions of the spent fuel, it would be time consuming and expensive to characterize them in
detail, especially because they represent only a small portion of the spent fuel for disposal. For example, the 250
spent fuel types represent less than 20% of the entire DOE SNF inventory (N-Reactor fuel represents about 80% of
the inventory) and, given the 70,000 MTHM capacity of the potential repository, the 250 types of spent fuel represent
less than 1% of the full repository. To focus time and resources, the DOE/EM grouped the spent fuel types into cate-
gories based on the chemical composition of the fuel matrix (Figure 3-1 and Appendices A and B). Cladding condi-
tion is described, but was not a primary consideration for the grouping. It should be noted that over years of study
DOE SNF has been grouped into categories using differing criteria depending on the analysis or disposal configura-
tion being analyzed, and the current category names and numbers will differ from those selected for other purposes.

The 15 categories of spent fuel under study in the 1997 PA include 13 DOE SNF categories and two categories of
commercial spent fuel (21-PWR and 44-BWR) (see Figure 3-1 and Table 1-1 in Chapter 1). Data about the spent
fuels under study was provided by NSNFP and can be found in Appendix A. The spent fuel categories and their gen-
eral characteristics are presented in Sections 3.1.1 through 3.1.16. Currently, the spent fuels are distributed among
INEEL (Categories 1-5, 8-13), Savannah River (Categories 5-7), and Hanford (Categories 1, 4-5, 10-11, 13). Details
regarding handling and disposal containers, codisposal configurations, and the 15 modeled waste packages are pro-
vided in Sections 3.2, 3.3, and 3.4, respectively.
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3.1 Description of Modeled Spent Fuel Categories
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Figure 3-1.  Thirty-four original groupings of DOE spent nuclear fuel and 15 categories of spent fuel as examined

in 1997 PA.
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3. System Characterization: Waste Packages

3.1.1  Uranium Metal Fuel, Category 1

Fuel Description. The uranium metal fuel, which is represented by N-Reactor fuel (98.4% of category), is cur-
rently stored at the Hanford site in Washington state. Category 1 also contains metallic fuel with aluminum cladding
from Foreign Research Reactors (FRR) and EBR II (1.5% of category). The fuel elements consist of two concentric
tubes made of uranium metal (601 alloy) co-extruded with zirconium alloy (Zircaloy-2) cladding (Figure 3-2). Zir-
caloy-2 is primarily zirconium with about 1% tin and trace quantities of other elements, such as iron, chromium,
nickel, and carbon. There are two basic types of fuel elements—Mark IV and IA—differentiated by uranium enrich-
ment: Mark IV fuel elements have a preirradiation enrichment of 0.947% in both tubes, and Mark IA fuel elements
have a preirradiation enrichment of 1.25% in the outer tube and 0.947% in the inner tube. The average uranium
weight is 22.7 kg for Mark IV fuels and 16.3 kg for Mark IA fuels. Both fuels bave an outside diameter of 6.1 cm;
the lengths are 44, 59, 62, or 66 cm for Mark IV fuels, and 38, 50, or 53 c¢m for Mark IA fuels.

N-Reactor fuel is categorized as either weapon grade or fuel grade, depending on plutonium composition. The
240py jsotopic content of weapon fuel is less than 6%; the content of fuel grade is equal to or greater than 6%.

Because of the degraded condition of the N-Reactor fuels, remediation currently includes drying for interim stor-
age in a container labeled as a Multi-Canister Overpack (MCO) (see Section 3.2). No DHLW is packaged with DOE
SNF in this category in the 1997 PA, although there is a small number of codisposal packages in the proposed plan
(see Appendix A, Section 6.1).

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and all disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997
PA.

¢ Regulatory Mass
2137 MTHM

s Percentage of Total DOE SNF (2415 MTHM)
88.3%

s Percentage of Total Disposed Fuel (75,336 MTHM)
2.8%

Physical Characteristics. See Figure 3-2.

Fuel Matrix
Uranium metal
* Cladding
100% failed Zircaloy
» Representative Fuel
N-Reactor (98.4% of category)
s Other Fuels in Category
Single Pass Reactor (aluminum clad)
s Enrichment (compare to CSNF, 1.2 x 10" 233U and 9.4 x 10° Cj 2*%puy)
Natural; 34.5 Ci 239U, 2.3 x 10° Ci ?*°Pu
e Burnup (yr 2035)
Low (per MTHM, 72 Ci 23'Np; 2800 Ci **Tc)
« Pyrophoricity
Finely divided uranium metal pyrophoric in atmosphere; limited O, in repository would oxidize fuel too
slowly to catch fire; even if fire occurred, amount of heat released would be insignificant in comparison to
heat of radioisotope decay.
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3.1 Description of Modeled Spent Fuel Categories

Repository Disposal Considerations. Listed below are considerations specific to this fuel category with regard
to potential fuel performance after disposal in an underground geologic repository.

» Because of its low burnup, this waste stream can dilute 23TNp and *°Tc in other waste streams when vitrified.

+ Failed cladding; if protection equivalent to CSNF is required, an additional protective container inside dis-
posal container can be used.

¢ Uranium metal alters rapidly (possibly 2 orders of magnitude faster than UQ,); borosilicate glass treatment
would cause alteration at a similar or slower rate than UGQ,, so treatment might reduce release rates of ura-
nium.

* Reprocessing can remove uranium and plutonium; alternatively, can dissolve and dilute with 2384 or other
waste streams before vitrification.

s Vitrification would oxidize uranium metal, which presents a difficulty with regard to current 10 CFR 60 regu-
lations, but because heat of reaction is less than radioisotope decay, this will likely not pose a problem in the
repository environment. A performance assessment can help to determine whether amount will compromise
repository.

Inner Element Support Clips

Outer Element

Zircaloy Cladding

@6.15¢cm
' (2.42in)

/

\Ang Spacer

Zircaloy Cladding
End Caps Note: Also, 44, 59, 62 cm lengths for Mark 1V;

38, 50, 53 cm lengths for Mark 1A.

Uranium Metal

(Not to scale)
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Figure 3-2. Category I spent fuel, represented by N-Reactor fuel assembly.
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3. System Characterization: Waste Packages

3.1.2 Uranium-Zirconium Alloy Fuel, Category 2

Fue] Description. Category 2 is represented by the Chicago Pile 5 (CP-5) reactor fuel assembly. Other fuels in
the category include those from the Heavy Water Component Test Reactor (HWCTR), which is a tank type, fully
enriched (93%) uranium, heavy water moderated and cooled reactor. The purpose of the reactor was to test fuel ele-
ments, materials, and components for heavy water reactors at power reactor conditions. The reactor had a nominal
thermal power of 61 MW. The driver fuel elements were located around the outside portion of the reactor with up to
12 of the test fuel elements placed in the reactor center.

The HWCTR driver fuels are tube type design with 5.84 cm (2.3 in) outside diameter, 4.98 cm (1.96 in) inside
diameter, and 287 cm (113 in) long. The fuel meat is 0.348 cm (0.137 in) thick, consisting of 93% enriched uranium
alloyed with 90.7 wt% zirconium. The test elements are made of natural or slightly enriched uranium metal or ura-
nium oxide; thus, they are not included in this category.

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and all disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997
PA.

* Regulatory Mass
0.04 MTHM
¢ Percentage of Total DOE SNF (2415 MTHM)
0.0017%
¢ Percentage of Total Disposed Fuel (75,336 MTHM)
0.00005%

Physical Characteristics. Illustration not available.

e Fuel Matrix
Uranium-Zirconium Alloy
¢ (Cladding
Zircaloy
* Representative Fuel
Chicago Pile 5 (CP-5) (28% of category)
* Other Fuels in Category
Heavy Water Component Test Reactor (HW CTR) fuel
o Enrichment (compare to CSNF, 1.2 X 10 2350 and 9.4 x 10° Ci 2391>u)
Highly enriched: 0.064 Ci 2350 and 8.6 Ci 2%Pu
* Burnup (yr 2035)
Very low (per MTHM, 0.61 Ci 237Np; 7.9 Ci *Tc)
¢ Pyrophoricity
Finely divided uranium metal pyrophoric in atmosphere; limited O, in repository would oxidize fuel too
slowly to catch fire; even if fire occurred, amount of heat released would be insignificant in comparison to
heat of radioisotope decay.
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3.1 Description of Modeled Spent Fuel Categories

Repository Disposal Considerations. Listed below are considerations specific to this fuel category with regard
to potential fuel performance after disposal in an underground geologic repository.

Because of its low burnup, this waste stream can dilute 237Np and ?Tc in other waste streams when vitrified.
Zircaloy cladding provides excellent protection, but possibly 10% failed.

Uranium metal alters rapidly (possibly 2 orders of magnitude faster than UQO,); borosilicate glass treatment
would cause alteration at a similar or slower rate than UO,, so treatment might reduce release rates of ura-
nium.

Reprocessing can remove uranium and plutonium; alternatively, can dissolve and dilute with 238U or other
waste streams before vitrification.

Vitrification would oxidize uranium metal.

September 30, 1998 3-7




3. System Characterization: Waste Packages

3.1.3 Uranium-Molybdenum Alloy Fuel, Category 3

Fuel Description. Category 3 spent fuel is represented by the Fermi driver fuel pins for the Enrico Fermi Reac-
tor. Fermi was a sodium-cooled fast breeder reactor with intermediate sodium loops, sodium-to-water steam genera-
tors, and an associated steam-driven turbine generator. The lower reactor section of the reactor vessel has a
289.56 cm (9.5 feet) outside diameter and is 245.11 cm (96.5 in) in height. Core and blanket subassemblies are
housed within the lower reactor vessel and are cooled by sodium that flows from the bottom of the lower reactor
through the subassemblies and up into the upper reactor vessel. Each subassembly has a nozzle attached to the bot-
tom end for insertion into the two 2-in. support plates spaced 14 in. apart. The core and blanket of Fermi was made
up of 6.72-cm (2.646 in.) square driver core and blanket subassemblies positioned to approximate a right circular cyl-
inder approximately 80 in. in diameter and 70 in. tall. Figure 3-3 shows the configuration of the core subassembly.
The reactor core region was 30.5 in. in diameter and 31.2 in. tall and was completely enclosed by a thick breeder
blanket designed to give a high breeding ratio and provide shielding.

The radial blanket fuel subassembly is made up of an inlet nozzle, a lower axial blanket, a fuel section, and an
upper axial blanket. The radial blanket fuel subassemblies were made up of 25 cylindrical rods fabricated from
depleted U-Mo alloy, encased in stainless steel tubes and bonded with sodium. The radial blanket subassemblies are
currently stored dry in ICPP-749. The radial blanket subassembly rods contain depleted uranium and sodium and
thus will be treated prior to final disposition. These are not part of the Category 3 inventory.

The Fermi driver fuel subassembly was designed with three active regions—a lower axial blanket, a fuel section,
and an upper axial blanket. The Iower and upper axial blanket subassemblies have been cropped off from the central
core fuel section and are currently stored with the radial blanket subassemblies in ICPP-749 and will be treated prior
to final disposal. A type 347 stainless steel square tube measuring 2.646 in. square with a 0.096 in. wall thickness
was used as the outside structure to hold the three regions together. The fuel section contained 144 fuel pins, made up
of 25.69% enriched uranium-molybdenum alloy. Four stainless steel structural support pins were inserted into the
corner positions of the 12 X 12 array to add structural support to the fuel section and the fuel subassembly. The fuel
pins were closely packed into the 2.646 in. square tube. The fuel pins were mamtamed on a square pitch of 0.200 in.
in a cartridge made of stainless steel wires and plates.

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and all disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997
PA.

* Regulatory Mass
3.93 MTHM

¢ Percentage of Total DOE SNF (2415 MTHM)
0.2%

¢ Percentage of Total Disposed Fuel (75,336 MTHM)
0.005%

Physical Characteristics. See Figure 3-3.

¢ Fuel Matrix
Uranium-Molybdenum Alloy
¢ Cladding
Zircaloy
* Representative Fuel
Fermi Reactor (100% of category)
+ Other Fuels in Category
None
« Enrichment (compare to CSNF, 1.2 X 10 235U and 9.4 x 10° Ci 2%%pu)
Highly enriched: 230 Ci 25 and 1.4 x 104 Ci 2%
* Burnup (yr 2035)
High (per MTHM, 2.4 Ci 23"Np; 325 Ci 2°Tc)
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3.1 Description of Modeled Spent Fuel Categories

¢ Pyrophoricity
Finely divided uranium metal pyrophoric in atmosphere; limited O, in repository would oxidize fuel too
slowly to catch fire; even if fire occurred, amount of heat released would be insignificant in comparison to
heat of radioisotope decay

Repository Disposal Considerations. Listed below are considerations specific to this fuel category with regard
to potential fuel performance after disposal in an underground geologic repository. .

e Because of its high burnup, 23’Np and 99T¢ in this waste stream could be diluted by other waste streams when
vitrified.

o Zircaloy cladding provides excellent protection, but possibly 10% failed.
Uranium-molybdenum metal alters rapidly (possibly 3 orders of magnitude faster than UQ,); borosilicate
glass treatment would cause alteration at a similar or slower rate than UO,, so treatment might reduce release
rates of uranium.

» Reprocessing can remove uranium and plutonium; alternatively, can dissolve and dilute with 238 or other
waste streams before vitrification.

s Vitrification would oxidize uranium metal.

144 Fuel Pins

0.01¢cm {

Fuel Pin

Match Une “A*
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Figure 3-3. Category 3 spent fuel, represented by fuel pins only (center portion of figure) for Enrico Fermi Reactor.
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3. System Characterization: Waste Packages

3.14  Uranium Oxide Fuel-Intact Clad, Category 4

Fuel Description. Category 4 is represented by Shippingport PWR fuel, which was a developmental fuel in the
DOE PWR research program. It was the second of three cores irradiated in the Shippingport Atomic Power Station at
Shippingport, Pennsylvania. The high power density, high total energy core required the development of a fuel ele-
ment of high loading that would withstand long irradiation exposure at high heat fluxes. The fuel cluster consists of
two oxide fuel plate subassemblies welded together to form a square structure and two Zircaloy-4 cluster extensions
welded to the ends of the subassemblies (Figure 3-4). Category 4 also includes the radioisotope inventory for fuel
from commercial (LEU), the Saxton reactor in Pennsylvania (MEU), the Mobile Low Power Reactor (ML-1) (HEU),
the Power Burst Facility (PBF) (MEU), and the Fast Flux Test Reactor-Test Fuel Assembly (FFTR-TFA) (LEU).

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and all disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997
PA.

* Regulatory Mass
98 MTHM

¢ Percentage of Total DOE SNF (2415 MTHM)
4.1%

o Percentage of Total Disposed Fuel (75,336 MTHM)
0.13%

Physical Characteristics. See Figure 3-4.

* Fuel Matrix
Uranium-Oxide
¢ Cladding
Zircaloy
* Representative Fuel
Shippingport PWR (18% of category)
¢ Other Fuels in Category
Saxton, Commercial, Mobile Low Power Reactor (ML-1), Power Burst Facility (PBF), Fast Flux Test
Reactor Test Fuel Assembly (FFTF-TFA)
« Enrichment (compare to CSNF, 1.2 x 10™ 23°U and 9.4 x 10° Ci 2%°Py)
Similar to CSNF
*  Burnup (yr 2035)
Similar to commercial (per MTEM, 35.2 Ci 2"Np; 1330 Ci *°Tc)
* Pyrophoricity
Not pyrophoric

Repository Disposal Considerations. Listed below are considerations specific to this fuel category with regard
to potential fuel performance after disposal in an underground geologic repository.

¢ Similar to commercial spent nuclear fuel.
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3.1 Description of Modeled Spent Fuel Categories
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Figure 3-4. Category 4 spent fuel, represented by Shippingport PWR fuel assembly.
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3. System Characterization: Waste Packages

3.1.5 Uranium Oxide Fuel-Failed Clad, Category 5

Fuel Description. The fuels in this category represent materials that are already damaged, disrupted, or fragile
in terms of immediate fissile and fission product movement upon package breach. The representative fuel type is the
TMI-2 fuel type from Three Mile Island, which was a typical commercial pressurized water nuclear reactor fuel until
it melted in a reactor accident. It now consists of material with sizes ranging from fine-sized pieces to nearly intact
assemblies, some of which have been melted. The fuel debris was placed into three types of stainless steel handling
containers: filter canisters that contain the fines, knockout canisters that contain material of gravel consistency, and
fuel canisters that contain large pieces of melted or unaffected assemblies (Figure 3-5). Category 5 also includes the
radioisotope inventory from type 1A fuel from the Stationary Medium Power Plant (SM-1A) (MEU), and fuel from
the High Flux Isotope Reactor (HFIR), Foreign Research Reactor (FRR), and Materials Testing Reactor (MTR).

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and all disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997
PA.

e Regulatory Mass
87.0 MTHM

s Percentage of Total DOE SNF (2415 MTHM)
3.6%

s Percentage of Total Disposed Fuel (75,336 MTHM)
0.12%

Physical Characteristics. See Figure 3-5.

» Fuel Matrix
Uranium Oxide
* Cladding
100% Failed Zircaloy
* Representative Fuel
Three Mile Island (TMI-2) (93.8% of category)
* Other Fuels in Category
Stationary Medium Power Plant (SM-1A), High Flux Isotope Reactor (HFIR), Foreign Research Reactors
(FRR), Materials Testing Reactor (MTR)
* Enrichment (compare to CSNE, 1.2 X 107 235U and 9.4 x 10° Ci 23%Pu)
Similar to CSNF
¢ Burnup (yr 2035)
Slightly less than CSNF (per MTHM, 16.8 Ci 23"Np; 893 Ci %°Tc)
* Pyrophoricity
Not pyrophoric

Repository Disposal Considerations. Listed below are considerations specific to this fuel category with regard
to potential fuel performance after disposal in an underground geologic repository.

s Failed cladding; if protection equivalent to CSNF is required, an additional protective container inside dis-
posal container can be used.
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3.1 Description of Modeled Spent Fuel Categories
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Figure 3-5. Category 5 spent fuel, represented by Three Mile Island failed fuel assemblies.
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3. System Characterization: Waste Packages

3.1.6 Uranium Aluminum Alloy Fuel, Category 6

Fuel Description. The ATR fuel, which represents Category 6, originated in the Advanced Test Reactor (ATR),
an experimental test reactor that provided for the insertion of numerous experiments into the core. Both the fuel and
the core were designed to produce a more heterogeneous flux than a PWR. The ATR has four mechanical systems for
reactivity control instead of the usual single system.

The ATR fuel is contained in plates of an aluminum-uranium matrix, which is cladded with pure aluminum (Fig-
ure 3-6). The fuel assemblies contain no control rods or other control components found in most PWR fuel assem-
blies. Each element forms a 45-degree sector of a right circular cylinder (wedge-shaped) and consists of 19 fuel
plates with coolant channels between each plate. The fuel plates are 1.26 m (49.5 in.) long, with an active fuel length
of 11.22 m (48 in.) and are loaded with a highly enriched uranium matrix consisting of uranium-aluminide (UAl3)
and clad in ASTM B 209 aluminum alloy 6061-TG. The total fuel content of an ATR fuel assembly is nominally
1075 g (maximum 1100 g) of uranium enriched to 93% 2>°U. Certain plates contain boron carbide (B4C) mixed with
the fuel as a burnable poison to minimize radial powér peaking and extend the life cycle of the fuel element. Cate-
gory 6 also includes the radioisotope inventory for fuel from the Materials Testing Reactor (MTR) and the Foreign
Research Reactor (FRR) (MEU).

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and all disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997
PA.
¢ Regulatory Mass
8.97 MTHM

¢ Percentage of Total DOE SNF (2415 MTHM)
0.37%

+ Percentage of Total Disposed Fuel (75,336 MTHM)
0.01%

Physical Characteristics. See Figure 3-6.

» Fuel Matrix
Uranium Aluminum Alloy
e Cladding
Aluminum
¢ Representative Fuel
Advanced Test Reactor (ATR) (28% of category)
e Other Fuels in Category
Materials Testing Reactor (MTR), Foreign Research Reactors (FRR)
o Enrichment (compare to CSNF, 1.2 x 107 233U and 9.4 x 10° Ci 23%Pu)
Highly enriched (some fuels initially >90%)
e Burnup (yr 2035)
Varies, but most fuels have high burnup (per MTHM, 23 Ci 2'Np; 1210 Ci *°Tc)
e Pyrophoricity
Finely divided uranium metal pyrophoric in atmosphere; limited O, in repository would oxidize fuel too
slowly to catch fire; even if fire occurred, amount of heat released would be insignificant in comparison to
heat of radioisotope decay.
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3.1 Description of Modeled Spent Fuel Categories

Repository Disposal Considerations. Listed below are considerations specific to this fuel category with regard
to potential fuel performance after disposal in an underground geologic repository.

« Because of its high burnup, 237Np and 99T in this waste stream could be diluted by other waste streams when
vitrified.

« Aluminum cladding offers little long-term protective value; if protection equivalent to CSNF is required, an
additional protective container inside disposal container can be used.

 Current codisposal option places only 14.4 kg 235( in a waste package to avoid criticality; also, since total of
9 MTHM is only 0.01% of repository total and only 68% fissile, the added fission products are within the
error band of calculated fission products in CSNEF, even if all went critical.

 Reprocessing can remove uranium; alternatively, can dissolve and dilute with 2387 or other waste streams
before vitrification.

* Vitrification would oxidize uranium metal.
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Figure 3-6. Category 6 spent fuel, represented by Advanced Test Reactor (ATR) Suel assembly.
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3. System Characterization: Waste Packages

3.1.7 Uranium Silicide Fuel, Category 7

Fuel Description. Category 7 is represented by fuel from the Materials Testing Reactor (MTR) and Foreign
Research Reactor (FRR) (HEU, MEU). Most foreign research reactors will continue to operate during the next sev-
eral years. Foreign reactors use a number of different fuel designs. These designs can be placed into five groups:
(1) plate-type design, (2) concentric tube-type desiga, (3) pin-type design, (4) special-type design, and (5) rod-type
design.

)I'he plate type design is described here because it is used in the majority of the FRR (Figure 3-7). The thermal
power of these reactors ranges from 1 MW to 50 MW. Each fuel assembly contains between 6 to 23 plates and an ini-
tial 23°U content between 37 and 420 grams. The fuel matrix consists of U-Si dispersed in aluminum.

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and all disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997
PA.

* Regulatory Mass
11.4 MTHM

¢ Percentage of Total DOE SNF (2415 MTHM)
047%

» Percentage of Total Disposed Fuel (75,336 MTHM)
0.02%

Physical Characteristics. See Figure 3-7.

e Fuel Matrix
Uranium silicide
¢ Cladding
Aluminum
* Representative Fuel
Materials Testing Reactor (MTR) (85.2% of category)
e Other Fuels in Category
Foreign Research Reactor (FRR)
s Enrichment (compare to CSNE, 1.2 x 10” 235U and 9.4 x 10° Ci 23°Pu)
Highly enriched (4.61 Ci 233U and 2.5 x 10° Ci 2°Pu)
e Burnup (yr 2035)
Moderately low (per MTHM, 0.92 Ci 23"Np; 214 Ci *°Tc)
¢ Pyrophoricity
Not assumed pyrophoric in atmosphere

Repository Disposal Considerations. Listed below are considerations specific-to this fuel category with regard
to potential fuel performance after disposal in an underground geologic repository.

o Aluminum cladding offers little long-term protective value; if protection equivalent to CSNF is required, an
additional protective container inside disposal container can be used.

¢ Uranium silicide matrix modeled at 0.1 of uranium metal; borosilicate glass treatment would cause alteration
at a similar or slower rate than UO,, so treatment might reduce release rates of uranium.

s Reprocessing can remove uranium and plutonium; alternatively, can dissolve and dilute with 238\ or other
waste streams before vitrification.
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3.1 Description of Modeled Spent Fuel Categories
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Figure 3-7. Category 7 spent fuel, represented by fuel from the Materials Testing Reactor (MTR) and Foreign
Research Reactor (FRR). Illustration shows typical boxed-type/fiat plate FRR fuel element (from
NSNFPF, Appendix A).
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3. System Characterization: Waste Packages

31.8 Uranium/Thorium Carbide Fuel-Intact Clad, Category 8

Fuel Description. Graphite spent fuel from Fort St. Vrain, which represents Category 8, contains a homoge-
neous mixture of two types of particles, fissile and fertile. As manufactured and prior to irradiation, fissile particles
contain thorium and 93.5% enriched uranium; fertile particles contain only thorium. The fuel kemnels are coated with
three fission-product retaining layers by means of a fluidized-bed vapor-phase deposition process. The inner and
outer layers are of isotropic carbon, and the middle layer is of silicon carbide (SiC) (hence the name, TRISO-coated)
(considered as cladding). A fourth layer of porous carbon, called the “buffer,” is next to the kernel of fissile or fertile
material and provides a volume for accumulation of fission-product gases without excessive pressure buildup. The
SiC layer is highly resistant to both oxidation and moisture, even at extremely high temperatures. The fissile and fer-
tile particles are blended and then molded into 1.27-cm diameter X 5.08-cm long fuel rods (compacts), that are in turn
inserted in large hexagonal blocks of graphite (Figure 3-8).

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and all disposed fuel (commercial, DOE SNEF, and DHLW) modeled in the 1997
PA.

e Regulatory Mass
24.7 MTHM

o Percentage of Total DOE SNF (2415 MTHM)
1.0%

¢ Percentage of Total Disposed Fuel (75,336 MTHM)
0.03%

Physical Characteristics. See Figure 3-8.

* Fuel Matrix
Uranium/Thorium Carbide
¢ (Cladding
Graphite and TRISO
* Representative Fuel
Fort St. Vrain (94.3% of category)
¢ Other Fuels in Category
Peach Bottom, Core 2
o Enrichment (compare to CSNE, 1.2 x 10 235U and 9.4 x 10° Ci 2°Pu)
Highly enriched (1.08 Ci 233U and 113 Ci 23°Pu)
e Burnup (yr 2035)
Moderately low (per MTHM, 8.16 Ci 2"Np; 372 Ci *°Tc)
¢ Pyrophoricity
Uranium thorium would rapidly hydrate when exposed to water, but amount of heat released is insignifi-
cant in comparison to heat of radioisotope decay

Repository Disposal Considerations. Listed below are considerations specific to this fuel category with regard
to potential fuel performance after disposal in an underground geologic repository.

¢ Graphite and TRISO (silicon carbide) coating offers better protective value than the Zircaloy cladding in
CSNF; only 1% failed.

¢ Uranium thorium carbide matrix alters rapidly (possibly 10 orders of magnitude faster than UO,); borosilicate
glass treatment would cause alteration at a similar or slower rate than UQO,, so treatment might reduce release
rates of uranium. However, it would destroy excellent protection from TRISO (silicon carbide) coating.

s Reprocessing can remove uranium and plutonium; alternatively, can dissolve and dilute with 2334 or other
waste streams before vitrification.

¢ Vitrification would hydrate uranium thorium but would lose excellent protection of silicon carbide coating.
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3.1 Description of Modeled Spent Fuel Categories
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Figure 3-8. Category 8 spent fuel, represented by Fort St. Vrain fuel assembly.
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3. System Charactetization: Waste Packages

3.1.9  Uranium/Thorium Carbide Fuel-Failed Clad, Category 9

Fuel Description. The Peach Bottom Cores I and II spent fuel, which represents Category 9, is similar in char-
acteristic to the Fort St. Vrain graphite fuel (Section 3.1.8) except that the Peach Bottom Core I particles do not con-
tain the protective SiC layer. The Peach Bottom compacts are 6.86-cm outside diameter, 3.25-cm inside diameter X
7.57-cm-long hollow cylinders (Figure 3-9).

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and all disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997
PA.

¢ Regulatory Mass
1.66 MTHM

¢ Percentage of Total DOE SNF (2415 MTHM)
0.07%

e Percentage of Total Disposed Fuel (75,336 MTHM)
0.002%

Physical Characteristics. See Figure 3-9.

* Fuel Matrix
Uranium/Thorium Carbide
* (Cladding
100% Failed Graphite
* Representative Fuel
Peach Bottom, Core 1 (100% of category)
e Other Fuels in Category
None
s Enrichment (compare to CSNF, 1.2 x 10° 233U and 9.4 x 10° Ci 2*°Pu)
Highly enriched (0.4 Ci 23U and 24.6 Ci 2°Pu)
e  Burnup (yr 2035)
Moderate (per MTEHM, 0.44 Ci 2"Np; 24.3 Ci #Tc)
¢ Pyrophoricity
Uranium-thorium would rapidly hydrate when exposed to water, but amount of heat released is insignifi-
cant in comparison to heat of radioisotope decay

Repository Disposal Considerations. Listed below are considerations specific to this fuel category with regard
to potential fuel performance after disposal in an underground geologic repository.

¢ Uranium thorium carbide alters rapidly (possibly 10 orders of magnitude faster than UQ,); borosilicate glass
treatment would cause alteration at a similar or slower rate than UO,, so treatment might reduce release rates
of uranium.

¢ Reprocessing can remove uranium and plutonium; alternatively, can dissolve and dilute with 2384 or other
waste streams before vitrification.

e Vitrification would hydrate uranium.
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3.1 Description of Modeled Spent Fuel Categories
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Figure 3-9. Category 9 spent fuel, represented by Peach Bottom fuel assembly.
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3. System Characterization: Waste Packages

3.1.10 Uranium/Plutonium Carbide Fuel, Category 10

Fuel Description. Category 10 is represented by fuel from the Sodium Reactor Experiment (SRE). Category 10
also includes the radioisotope inventory for fuel from the Fast Flux Test Facility (FFTF) carbide (MEU fissile gram
equivalent [FGE]). FFIF was designed to provide testing capability for a wide range of development needs of the
United States advanced reactor program. The mission of the FFTF included irradiation and evaluation of different
types of fuel assemblies and different materials for fuel assembly construction. The purposes of the test fuel assem-
blies vary; however, in general, the assemblies support the fuel or material requirements for large scale breeder reac-
tors. .

As an example, the FFTF-ACN-1 fuel in this category was tested to develop information on helium- and sodium-
bonded mixed-carbide fuel pins with full length fuel columns at prototypic fluence and exposure conditions. Addi-
tionally, it tests the relative effects of 20% cold-worked 316 SS and 25% cold-worked D9 cladding on the carbide fuel
pins. The assembly contains 18 sodium-bonded and 19 helium-bonded carbide fuel pins, enclosed in a 316 SS inner
duct similar to the SRF-3. The outer region contains 90 standard driver fuel pins and is enclosed by a D9 duct. The
test fuel assemblies configuration is similar to the FFTF driver fuels shown for Category 11. More examples of Cate-
gory 10 assemblies are found in Appendix A.

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and ail disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997
PA.

* Regulatory Mass
0.163 MTHM

s Percentage of Total DOE SNF (2415 MTHM)
0.007%

s Percentage of Total Disposed Fuel (75,336 MTHM)
0.0002%

Physical Characteristics. Illustration not available.

* Fuel Matrix :
Uranium/Plutonium Carbid
* (Cladding
Stainless steel
» Representative Fuel
Sodium Reactor Experiment (SRE) (27% of category)
¢ Other Fuels in Category
Fast Flux Test Reactor (FFTR)
+ Enrichment (compare to CSNE, 1.2 % 10 235U and 9.4 x 10° Ci 23?Pu)
Moderate (8.4 X 10 Ci 235U and 2.8 x 10° Ci 23°Pu)
*  Bumup (yr 2035)
Low (per MTHM, 0.027 Ci 2"Np; 0 Ci %°Tc)
* Pyrophoricity
Uranium plutonium carbide would rapidly hydrate when exposed to water, but amount of heat released is
insignificant in comparison to heat of radioisotope decay.

3-22 September 30, 1998




3.1 Description of Modeled Spent Fuel Categories

Repository Disposal Considerations. Listed below are considerations specific to this fuel category with regard
to potential fuel performance after disposal in an underground geologic repository.

¢ Stainless steel cladding offers little long-term protective value; if protection equivalent to CSNF is required,
an additional protective container inside disposal container can be used.

o Uranium-plutonium carbide matrix alters rapidly (possibly 10 orders of magnitude faster than UO,); borosili-
cate glass treatment would cause alteration at a similar or slower rate than UO,, so treatment might reduce
release rates of uranium.

¢ Reprocessing can remove uranium and plutonium; alternatively, can dissolve and dilute with 238 or other
waste streams before vitrification.

s Vitrification would hydrate uranium-plutonium carbide.
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3. System Characterization: Waste Packages

3.1.11 Mixed Oxide Fuel, Category 11

Fuel Description. Category 11 is represented by the Fast Flux Test Facility (FFTF) standard driver fuel assem-
bly. Category 11 also includes the radioisotope inventory for GE Test fuel from the SE experimental fast oxide reac-
tor (HEU fissile gram equivalent [FGE]), and advanced oxide (ACO) fuel assemblies from the FEFTR-Test Fuel
Assembly (TFA) (LEU and MEU FGE). Additional information about Category 11 was not available as of Septem-
ber 1997. Figure 3-10 illustrates the representative fuel for Category 11.

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and all disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997

PA.

Regulatory Mass
12.0 MTHM

Percentage of Total DOE SNF (2415 MTHM)
0.5%

Percentage of Total Disposed Fuel (75,336 MTHM)
0.016%

Physical Characteristics. See Figure 3-10.

Fuel Matrix
Mixed Oxide
Cladding
Stainless steel
Representative Fuel
Fast Flux Test Facility (FFTF) (75% of category)
Other Fuels in Category
GE Test Fuel, advanced oxide (ACO) fuel
Enrichment (compare to CSNE, 1.2 x 10” 233U and 9.4 x 10° Ci 2°Pu)
Highly enriched (0.044 Ci 235U and 1.34 x 10° Ci 23°pu)
Burnup (yr 2035)
Low (per MTHM, 1.78 Ci 2"Np; 18.4 Ci Tc)
Pyrophoricity
Not pyrophoric

Repository Disposal Considerations. Listed below are considerations specific to this fuel category with regard
to potential fuel performance after disposal in an underground geologic repository.
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Because of its low burnup, this waste stream can dilute 237Np and %Tc in other waste streams when vitrified.
Stainless steel cladding offers little long-term protective value; if protection equivalent to CSNF is required,
an additional protective container inside disposal container can be used.

Mixed oxide matrix alters rapidly (possibly 2 orders of magnitude faster than UQO,); borosilicate glass treat-
ment would cause alteration at a similar or slower rate than UO, so treatment might reduce release rates.
Reprocessing can remove uranium and plutonium; alternatively, can dissolve and dilute with 23834 or other
waste streams before vitrification.

September 30, 1998



3.1 Description of Modeled Spent Fuel Categories
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Figure 3-10. Category 11 spent fuel, represented by Fast Flux Text Facility standard driver fuel assembly.
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3. System Characterization: Waste Packages

3.1.12 Uranium-Thorium Oxide Fuel, Category 12

Fuel Description. The representative fuel type for Category 12 is the Shippingport LWBR (Light Water Breeder
Reactor). The LWBR was used to demonstrate the production of 233U from thorium in a water-cooled operating reac-
tor (Figure 3-11). The fuel was uranium oxide, enriched up to 98% in 23U mixed with thorium oxide, and made into
cylindrically shaped ceramic pellets. The fuel pellets were loaded in 0.762-cm (0.3-in.) diameter Zircaloy-4 tubes
whose ends are capped and seal welded. These tubes were made into assemblies. The LWBR has four different types
of assemblies: 12 seed assemblies used the highly enriched uranium (HEU) to produce power; 12 blanket assemblies
were used to capture neutrons and convert the thorium to 233y, and 9 type-IV reflector assemblies and 6 type-V
reflector assemblies were used to reflect neutrons back into the reactor. (Note that his group does not include the nine
canisters of disrupted LWBR fuel; they are in Category 5.) Category 12 also includes the radioisotope inventory for
fuel from the Dresden Reactor located at Morris, Illinois.

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and all disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997
PA.

¢ Regulatory Mass
497 MTHM .

¢ Percentage of Total DOE SNF (2415 MTHM)
2% .

s Percentage of Total Disposed Fuel (75,336 MTHM)
0.07%

Physical Characteristics. See Figure 3-11.

» Fuel Matrix
Uranium-Thorium Oxide
* Cladding
Zircaloy
* Representative Fuel
Shippingport LWBR (86% of category)
* Other Fuels in Category
Dresden Reactor fuel
« Enrichment (compare to CSNF, 1.2 x 10~ 25U and 9.4 x 10° Ci 23°Pu)
Highly enriched (0.28 Ci 233U and 12.7 Ci 23°Pu)
¢ Burnup (yr 2035)
Low (per MTHM, 0.05 Ci 23"Np; 162 Ci *Tc)
» Pyrophoricity
Not pyrophoric

Repository Disposal Considerations. Listed below are considerations specific to this fuel category with regard
to potential fuel performance after disposal in an underground geologic repository.

s Because of its low burnup, this waste stream can dilute 237Np and 9T in other waste streams when vitrified.

¢ Possibly 30% of Zircaloy cladding has failed; if protection equivalent to CSNF is required, an additional pro-
tective container inside disposal container can be used.

¢ Reprocessing can remove uranium and plutonium; alternatively, can dissolve and dilute with 23847 or other
waste streams before vitrification.
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! 3.1 Description of Modeled Spent Fuel Categories
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: Figure 3-11. Category 12 spent fuel, represented by Shippingport Light Water Breeder Reactor (LWBR) fuel assem-
‘ bly.
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3. System Characterization: Waste Packages

3.1.13 Uranium/Zirconium Hydride Fuel, Category 13

PA.

Fuel Description. The representative fuel for Category 13 is the Training, Research, and Isotope production
General Atomic (TRIGA) fuel, made from uranium/zirconium hydride that was formed into either solid or hollow
rods, 3.94-cm (1.4-in.) diameter by about 35.5 to 38 cm (14 or 15 in) long. Graphite plugs and samarium discs were
placed on the end of the fuel element. Including the cladding and end pieces, the rods are about 72 cm (28.37 in.)
long. The rods are not placed into assemblies, but each is handled separately (see Figure 3-12). Category 13 also
includes the radioisotope inventory for fuel from the TRIGA. Fuel Life Improvement Program (FLIP) (HEU), TRIGA
aluminum-cladded fuel (MEU), and fuel from the Systems for Nuclear Auxiliary Power (SNAP) (HEU).

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and all disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997

Regulatory Mass
2.00 MTHM

Percentage of Total DOE SNF (2415 MTHM)
0.08% :

Percentage of Total Disposed Fuel (75,336 MTHM)
0.003%

Physical Characteristics. See Figure 3-12.

Fuel Matrix
Uranium/Zirconium Hydride
Cladding
Stainless steel
Representative Fuel
Training, Research, and Isotope production-General Atomic (TRIGA)
Other Fuels in Category
TRIGA Fuel Life Improvement Program, TRIGA aluminum-clad, Systems for Nuclear Auxiliary Power
fuel
Enrichment (compare to CSNF, 1.2 x 10 235U and 9.4 x 10° Ci 2%Py)
Moderate (0.98 Ci 22°U and 454 Ci 2*°Pu)
Burnup (yr 2035)
Low (per MTEIM, 0.19 Ci 23'Np; 43.3 Ci #Tc)
Pyrophoricity
Not pyrophoric

Repository Disposal Considerations. Listed below are considerations specific to this fuel category with regard
to potential fuel performance after disposal in an underground geologic repository.
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Because of its low burnup, this waste stream can dilute 237Np and %°Tc in other waste streams when vitrified.
Stainless steel cladding offers little long-term protection; if protection equivalent to CSNF is required, an
additional protective container inside disposal container can be used.

Uranium/zirconium hydride matrix alters rapidly (possibly 1 order of magnitude faster than UQ,); borosili-
cate glass treatment would cause alteration at a similar or slower rate than UO,, so treatment might reduce
release rates of uranium.

Reprocessing can remove uranium and plutonium; alternatively, can dissolve and dilute with 238y or other
waste streams before vitrification.
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3.1 Description of Modeled Spent Fuel Categories
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Figure 3-12. Category 13 spent fuel, represented by Training, Research, and Isotope production-General Atomic
(TRIGA) standard fuel assembly.
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3. System Characterization: Waste Packages

3.1.14 21-PWR Commercial - Uranium Oxide Fuel, Category 14

-Fuel Description. Category 14 is represented by a single characteristic set of data that reflects the various con-
figurations currently under consideration for both 21-PWR and 12-PWR commercial spent fuel packages. Currently,
there are two configurations for both 21-PWR and 12-PWR. Figure 3-13 illustrates the 21-PWR package, which is
modeled in the 1997 PA.

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and all disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997
PA.

e Regulatory Mass
41,440 MTHM

s Percentage of Total DOE SNF (2415 MTHM)
N/A

s Percentage of Total Disposed Fuel (75,336 MTHM)
55% |

Physical Characteristics. See Figure 3-13.

¢ Fuel Matrix
Uranium Oxide (PWR)
¢ Cladding
Zircaloy
s Representative Fuel
21-PWR
s Other Fuels in Category
12-PWR
s Enrichment
Low (uranium inventory 98% 238U) 1.2 x 10°5 235U and 9.4 x 10° Ci 23%Pu
s Burnup (yr2035)
40 GWA/MTU (40,540 Ci 23"Np; 23,910 Ci #Tc
* Pyrophoricity
Not pyrophoric

Repository Disposal Considerations. Listed below are considerations specific to this fuel category with regard
to potential fuel performnance after disposal in an underground geologic repository.

Modeling of cladding would improve modeled performance of CSNF.
Uranium oxide alters slowly; pitchblende mineral form in nature; borosilicate glass treatment would cause
alteration at a similar or slower rate than UO, so treatment might reduce release rates of uranium.

* Reprocessing can remove uranium.
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3.1 Description of Modeled Spent Fuel Categories
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7° Figure 3-13. Category 14 spent fuel, represented by 21-PWR fuel assembly.
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3. System Characterization: Waste Packages

3.1.15 44-BWR Commercial — Uranium Oxide Fuel, Category 15

Fuel Description. Category 15 is represented by a single characteristic set of data that reflects the various con-
figurations currently under consideration for both 44-BWR and 24-BWR commercial spent nuclear fuel packages.
Currently, there are three 44-BWR and one 24-BWR configurations. Figure 3-14 illustrates the 44-BWR package.

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all DOE SNF and all disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997

PA.

Regulatory Mass
21,640 MTHM

Percentage of Total DOE SNF (2415 MTHM)
N/A

Percentage of Total Disposed Fuel (75,336 MTHM)
29%

Physical Characteristics. See Figure 3-14.

Fuel Matrix
Uranium Oxide (BWR)
Cladding
Zircaloy
Representative Fuel
44-BWR
Other Fuels in Category
24-BWR
Enrichment
Low (uranijum inventory 98% 238U) 1.2 10° 235U and 9.4 x 10° Ci 23°pu
Burnup (yr 2035)
40 GWJ/MTU (16,870 Ci 237Np; 10,920 Ci #Tc)
Pyrophoricity
Not pyrophoric

Repository Disposal Considerations. Listed below are considerations specific to this fuel category with regard
to potential fuel performance after disposal in an underground geologic repository.

3-32

Modeling of cladding would improve modeled performance of CSNE.

Uranium oxide alters slowly; pitchblende mineral form in nature; borosilicate glass treatment would cause
alteration at a similar or slower rate than UO, so treatment might reduce release rates of uranium
Reprocessing can remove uranium.
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3.1 Description of Modeled Spent Fuel Categories
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Figure 3-14. Category 15 spent fuel, represented by 44-BWR fuel assembly.
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3. System Characterization: Waste Packages

3.1.16 Defense High-Level Waste

Fuel Description. Defense high-level waste from Savannah River, Hanford, INEEL, and West Valley will be
packaged with Categories 1 through 13.7 Plans call for the borosilicate glass to be produced from neutralized high-
level waste. The DHLW has a much lower transuranic loading than does DOE SNF; Appendix A (pp. 1-2) contains a
more detailed description of the source of DHLW.

For the 1997 PA only one type of DHLW, borosilicate glass, which represents the “average” characteristics of the
several types, is modeled for consistency with a-TSPA-97 (M&O, 1997). Figure 3-15 illustrates the standard DHLW
DOE handling container. The MTHM of the high-level waste was calculated using 0.5 MTHM per standard DHLW
container, which is a method of estimating that had been developed in the 1980s for DOE planning and was also used
for MTHM estimates in a-TSPA-1997 (M&O, 1997). For DHLW packaged in the long (5.3 m) containers,
0.75 MTHM per package was estimated, as outlined in Appendix A. The result is a total of 9842 MTHM for DHLW
based on 13,920 containers* required for the codisposal option. The difference between this value and the value of
9590 MTHM used in the 1994 PA is the result of differences in estimating MTHM; in the 1994 PA, MTHM was eval-
uated based on 40 CFR 191, Appendix A, note 1. Note also that the 1994 PA value of 9590 MTHM was calculated
assuming that note 1(d) in 40 CFR 191 applied to all sites; instead, note 1(c) should apply to Savannah River's waste,
which would have reduced the value to 6400.

Quantity Summary. Listed below are the amounts of reported MTHM and the percentage this category repre-
sents with regard to all disposed fuel (commercial, DOE SNF, and DHLW) modeled in the 1997 PA.

¢ Regulatory Mass
9842 MTHM

o Percentage of Total DOE SNF (2415 MTHM)
N/A

¢ Percentage of Total Disposed Fuel (75,336 MTHM)
13%

Physical Characteristics. See Figure 3-15.

e Fuel Matrix
Borosilicate Glass High-Level Waste
Cladding
N/A
Enrichment
N/A
¢ Burnup (yr 2035)
Low (0.5 MTHM per container: 0.007 Ci 237Np; 0.825 Ci #°Tc)
* Pyrophoricity
Not pyrophoric

Repository Disposal Considerations. Listed below are considerations specific to this waste type with regard to
potential performance after disposal in an underground geologic repository.

» Borosilicate glass treatment means that particulates (e.g., in calcine high-level waste) do not pose a problem
with regard to 10 CFR 60.

T The proposed packaging plan (Appendix A) includes a small number of codisposal packages for Category 1; however, Category 1 is modeled in
the 1997 PA without codisposal (see Section 3.3).

¥ The 1992 DOE report, Characteristics of Potential Repository Waste, (DOE, 1992), predicts 15,317 containers, but the codisposal option incor-
porates only 13,920. Thus ~1400 high-level waste containers of the predicted amount are not included in the 1997 PA.
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3.1 Description of Modeled Spent Fuel Categories

Stainless

Steel
0.95¢cm
(0.375in)

7

1/
2
7

NS

N
7
\

NN

=
/&_= =
SN
77

|

D
i1l
=l

61 cm dia

(24 in dia)

Y

A

TRI-6342-5520-0

Figure 3-15. High-level waste DOE standard handling container.
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3. System Characterization: Waste Packages

3.2 Handling and Disposal Containers

All spent fuel and high-level waste is placed in handling and/or disposal containers before emplacement in the
potential Yucca Mountain repository. In the 1997 PA, DOE SNF categories are placed in both handling and disposal
containers, as is the DHLW; commercial spent fuel is placed in a disposal container only. A handling container is the
container in which the fuel matrix and cladding, if any, are placed. If the waste form is solidified, it is called the pour
container; also the handling container is often called a canister. In some cases a handling container is the sole con-
tainer for storage, handling, and transportation prior to disposal preparation or disposal itself (Wilson et al., 1994). In
the present study the term handling container is used to designate its protective layer, which is stainless steel.

The outermost container is referred to as the disposal container, which is also referred to as a repository overpack
in other studies. The disposal container consists of a secondary container, or containers, around the handling con-
tainer that serves some specialized function such as corrosion resistance or structural support. In some literature
about the potential Yucca Mountain repository, the disposal container is called a container barrier assembly.

The handling and disposal containers are important in determining performance of the spent fuels after disposal,
because they represent layers of material that protect and confine the spent fuel. Degradation of the protective layers
and alteration and dissolution of the fuel matrix are modeled in the 1997 PA by means of the Corrosion and Source
Term (CST) submodel, which is described thoroughly in Chapter 7. With regard to the handling and disposal contain-
ers, CST predicts (a) the rates at which corrosion will penetrate the container layers in a potential Yucca Mountain
repository, thereby exposing radionuclides to possible transport to the accessible environment and (b) the effects of
corrosion on the gas, especially oxygen, and water contents of the near field, i.e., the portion of the repository that is
significantly affected by the disposed spent fuel.

In the 1997 PA, the handling and disposal containers are considered layer(s) that consume or produce water or
gas. (Note that the fuel matrix and cladding are also considered layers in this context.) Handling and disposal con-
tainers can be composed of corrosion-allowance materials, e.g., carbon steel, which oxidize rapidly in corrosive envi-
ronments and require thick layers, or corrosion-resistant materials, e.g., Inconel, which oxidize slowly and can be
thinner. Depending on the material type, CST considers one or two types of corrosion—general and/or localized—as
it determines the sequential failure of the layers. General corrosion can be likened to peeling off layers of an onion,
and localized corrosion can be thought of as cutting through layers of skin.

CST considers corrosion reactions and rates in its predictions of layer failure. Corrosion occurs when oxidants
react with the layers to form corrosion products that no longer effectively isolate the fuel matrix from the near field.
Potential oxidants include oxygen, water, peroxide, and others. Waste packages would come in contact with oxidants
through processes such as dripping groundwater or, at later times, capillarity, when rubble has fallen into the air gap
around the waste package.

Determination of the final packaging systems for DOE SNF and DHLW is still ongoing (INEEL SNFTT, 1997).
Packaging systems must be suitable for interim storage, transportation to the repository, and repository storage.
Safety requirements for transportation have been established by the DOT and NRC, along with very demanding
requirements for long-term performance in the repository including low cost and resistance to degradation. Final
engineering decisions and controlling regulations that impact these conditions are not known at this time, so packag-
ing information used in this study may change in future iterations.

3.21 Handling Containers

Handling Container for DOE SNF Category 1. As a means of fuel remediation by drying, the Multi-Canister
Overpack (MCO) is used as interim storage for Category 1 only, the N-Reactor fuels. The basic unit will contain a
close packed arrangement of either Mark IV or Mark IA fuels. While the original concept of the MCO is not intended
as a repository-approved handling container, no alternative or proposed package exists at this time. The physical size
of the MCO is similar to the standard DHLW handling container and is therefore modeled as a 4-pack within the dis-

3-36 September 30, 1998



R

3.2 Handling and Disposal Containers

posal container. Each MCO consists of a 61-cm outer diameter stainless steel shell that is 416.6 cm long and 0.95 cm
thick. The approximate mass of the empty MCO is 1673.5 kg.

Handling Containers for DOE SNF Categories 2 through 13, All handling containers for DOE SNF Catego-
ries 2 through 13 are constructed of 6.35-mm 304L stainless steel. Because lengths and diameters of the individual
spent fuels differ, their varying measurements are accommodated by two handling container lengths: short, 3.0 m
(10 ft), and long, 4.6 m (15 ft)}—and three container diameters: 25.4 cm, 43.2 cm, or 61.0-cm (10-in., 17-in., or
24-in.). The intent of combining the individual fuels into containers is to facilitate the handling of the great variety of
fuels currently stored and to accommodate their small parts and pieces. In the 1997 PA, most spent fuels (70% of
total) are loaded within the long handling containers.

Handling Container for DHLW. The DHLW handling container is modeled as the 3-m-long, 61-cm-diameter
(10-ft-long, 24-in.-diameter) stainless steel standard DOE container or the 4.6-m-long handling container.

Commercial Spent Nuclear Fuel. The commercial spent fuel is placed directly into a disposal container (see .
Section 3.2.2).

3.2.2 Disposal Containers

The disposal container for all categories is a large disposal package (LDP), with a 10-cm-thick outer carbon steel
layer and a 2-cm-thick inner Inconel 625 layer. The lengths and diameters of the disposal containers vary based on
respective fuel lengths, cross-sectional areas, and fissile content. In the 1997 PA, four sizes are modeled (Table 3-1).

Table 3-1. Disposal Containers Modeled in 1997 PA

Length (external) Diameter (external) Weight (empty pkg)
Classification (m) (m) {Mg)
Standard short 3.79 1.725 15.12
Standard long 5.30 1.725 21.20
Super short 3.79 2.0 19.02

Super long 5.30 2.0 26.35
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3. System Characterization: Waste Packages

3.3 Codisposal Configurations

Current packaging plans propose that DOE SNF be codisposed with DHLW, i.e., that one DOE SNF handling
container, together with three or more handling containers of DHLW, be placed in one disposal container. The pri-
mary reason for codisposal of DOE SNF with DHLW is related to criticality concerns; codisposal reduces criticality
concerns by combining DHLW, which has a lower fissile content, in the package with DOE SNF. Although fissile
load limits on a per disposal container basis have not been established for the potential repository, Appendix A (p. 5)
provides the limit used for the current study, which is the same as for a-TSPA-97 M&O, 1997). Codisposal also
takes advantage of otherwise unused space within disposal containers and is more cost effective than other methods to
limit the reactivity of individual waste packages.

Although criticality is not investigated in the 1997 PA, it is important that the 1997 PA reflect the most current
packaging plan. To model a codisposal package, the analysts must factor in attributes of both DOE SNF and DHLW.
Appendix A lists all proposed DOE SNE/DHLW configurations by DOE SNF category. In some cases, more than one
configuration has been proposed.** For example, plans for DOE SNF Category 2 included a configuration that pack-
ages four DHL.W handling containers with one DOE SNF handling container in a standard long disposal container (1
X 4 x standard long), and another configuration that packages five DHLW containers with one DOE SNF container in
a super long disposal container (1 X 5 X super long). In the 1997 PA, the most frequently used configuration per DOE
SNF category is generally modeled. Note that the commercial spent fuel (Categories 14 and 15) is packaged without
the codisposal option, i.e., no DHLW is included.

Table 3-2 lists the codisposal configurations selected for DOE SNF Categories 1 through 13%7. The listing
shows the number of DOE SNF and DHLW handling containers included in each waste package, and the size of the
handling and disposal containers modeled. The waste package size, its containers, and the number of packages per
category are significant with regard to physical arrangement within the repository (e.g., repository design; see also
Chapter 5) and the type of protection provided. Figures 3-16 through 3-30 show the codisposal configuration per
spent fuel category (including the disposal configurations for the commercial fuel, Categories 14 and 15).

Table 3-2. Codisposal Configuration Options for Categories 1 through 13

Handling Container

DOE SNF DHLW Disposal Container
Total
Spent Number Number ) No. of
Fuel perWaste Diameter perWaste Diameter Length Diameter Weight Waste
Categories  Package (cm) Package (cm) (m) (m) (Mg)  Packages
1 4 61 0 —_ 530 1.725(std) 16.73 118
12 1 61 3 61 530 1.725(std) 15.12 69
3,5 1 254 4 61 379 1.725(std) 15.12 650
10, 11 1 254 4 61 530 1.725(std) 21.20 357
4,13 1 43.2 5 61 379 20(super) 19.02 305
2,6,7,8,9 1 43.2 5 61 530 2.0(super) 26.38 1632
(TOTALS) 3485" 13,920* 313t

* The number of modeled and actual containers differs because more than one codisposal configuration per DOE SNF category
was anticipated in the proposed disposal plan, but only one codisposal configuration was modeled per DOE SNF category in the
1997 PA.

** As of November 1997, the DOE/EM has proposed that only the 1 X 5 codisposal configuration be considered; however, that decision was made
after calculations were performed for the 1997 PA and so is not reflected in this report.

11 In the 1997 PA, DOE SNF Waste Category 1 is not modeled with DHLW in the waste package. However, the proposed packaging plan does
anticipate a small number of codisposal packages for this category; see Appendix A, “Section 6.1, Category 1.
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3.3 Codisposal Configurations
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Figure 3-16. Codisposal configuration for Category 1, Uranium Metal, including four DOE SNF handling contain-
ers and no DHLW handling containers. Layers and matrices modeled in the 1997 PA are noted (see

Section 3.4.1).
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Figure 3-17. Codisposal configuration for Category 2, Uranium-Zirconium Alloy, including one DOE SNF handling
container and five DHLW handling containers. Layers and matrices modeled in the 1997 PA are noted
(see Section 3.4.1).
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3. System Characterization: Waste Packages
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Codisposal configuration for Category 3, Uranium-Molybdenum Alloy, including one DOE SNF han-
dling container and four DHLW handling containers. Layers and matrices modeled in the 1997 PA are
noted (see Section 3.4.1).
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Codisposal configuration for Category 4, Uranium Oxide-Intact Clad, including one DOE SNF han-
dling container and five DHLW handling containers. Layers and matrices modeled in the 1997 PA are
noted (see Section 3.4.1).
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3.3 Codisposal Configurations
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Figure 3-20. Codisposal configuration for Category 5, Uranium Oxide-Failed Clad, including one DOE SNF han-
dling container and four DHLW handling containers. Layers and matrices modeled in the 1997 PA are
noted (see Section 3.4.1).
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Figure 3-21. Codisposal configuration for Category 6, Uranium Aluminum Alloy, including one DOE SNF handling ,
container and five DHLW handling containers. Layers and matrices modeled in the 1997 PA are noted \
(see Section 3.4.1).
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3. System Characterization: Waste Packages
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Figure 3-22. Codisposal configuration for Category 7, Uranium Silicide, including one DOE SNF handling con-
tainer and five DHLW handling containers. Layers and matrices modeled in the 1997 PA are noted (see
Section 3.4.1).
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Figure 3-23. Codisposal configuration for Category 8, Uranium-Thorium Carbide-Intact Clad, including one DOE
SNF handling container and five DHLW handling containers. Layers and matrices modeled in the 1997

PA are noted (see Section 3.4.1).
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3.3 Codisposal Configurations
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Figure 3-24. Codisposal configuration for Category 9, Uranium-Thorium Carbide-Failed Clad, including one DOE

SNF handling container and five DHLW handling containers. Layers and matrices modeled in the 1997
PA are noted (see Section 3.4.1).
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Figure 3-25. Codisposal configuration for Category 10, Uranium-Plutonium Carbide, including one DOE SNF han-

dling container and four DHLW handling containers. Layers and matrices modeled in the 1997 PA are
noted (see Section 3.4.1).
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3. System Characterization: Waste Packages
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Figure 3-26. Codisposal configuration for Category 11, Mixed Oxide Fuel, including one DOE SNF handling con-
tainer and four DHLW handling containers. Layers and matrices modeled in the 1997 PA are noted
(see Section 3.4.1).
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Figure 3-27. Codisposal configuration for Category 12, Uranium-Thorium Oxide, including one DOE SNF handling
container and three DHLW handling containers. Layers and matrices modeled in the 1997 PA are
noted (see Section 3.4.1).
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3.8 Codisposal Configurations
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Figure 3-28. Codisposal configuration for Category 13, Uranium/Zirconium Hydride, including one DOE SNF han-
dling container and five DHLW handling containers. Layers and matrices modeled in the 1997 PA are
noted (see Section 3.4.1).
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|~ (20-mm Inconel 625)
(Layer 2)
Fuel Matrix
(PWR: Uranium-Oxide)
Clad (Layer 5 & Matrix 3)
(Zircaloy)
(Layer 4 & Matrix 2)
21 PWR Uncanistered
Fuel Container
Length ~53m
Diameter ~1.725m
Mass unloaded ~33Mg
Loaded ~ 50 Mg
TRI-6342-5271-0

Figure 3-29. Disposal configuration for Category 14, 21-PWR. Layers and matrices modeled in the 1997 PA are
noted (see Section 3.4.1).
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Basket Members
(Layer 3)

Inner Barrier Lid

Outer Barrier
(Layer 1)

Inner Barrier

(Layer 2)
Fuel Matrix
(BWR: Uranium-Oxide)
Quter Barrier Lid Clad (Layer 5 & Matrix 3)
(Zircaloy)
(Layer 4 & Matrix 2)

TRI-6342-5519-0

Figure 3-30. Disposal configuration for Category 15, 44-BWR. Layers and matrices modeled in the 1997 PA are
noted (see Section 3.4.1).
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3.4 Waste Packages as Modeled

The waste package is the modeling unit in a performance assessment that represents the radioactive fuel and its
protective layers. In the 1997 PA, 15 types of waste packages are modeled, which represent the 13 DOE SNF catego-
ries, codisposed with DHLW, and the 2 commercial fuel categories in their handling and/or disposal containers. The
intent of the 1997 PA is to compare the performance of each waste package type containing DOE SNF/DHLW with
the commercial waste packages.

To properly model the waste packages, analysts must describe the type and amount of radioactive fuel in the
package, including its activity and thermal power, and the degree of protection from corrosion. Table 3-3 summarizes
information about the waste package types as modeled, including the number of packages per spent fuel category
modeled in the 1997 PA; the DOE SNF/DHLW configuration, if applicable; and the mass, radioactivity, and thermal
power per waste package.

Table 3-3. Waste Package Types Modeled in the 1997 Performance Assessment

Mass per Waste Package Inventory at 2030
DHLW
Configur- DOE SNF Regula-
Number of ation DOE SNF Heavy tory Initial
Waste Waste (DOE  Average Regulatory Metal (repor- Initial  Thermal
Package Packagesin SNFx Gross (reported) (inventory) ted) Fissile Activity Power
iD Repository  DHLW) (Ma) (MTHM) (MTHM) (MTHM) (kg) (Ci) (Wlms)
1 118 4x0xst-I"  66.41 18.10 18.07 0 60.7 1.15%x10°  64.02
2 9 1x5xsu-l  47.6  4.01x10% 451%x10° 375 - 561x10* 20.60
3 55 1x4xst-s 33.7 0.0714 7.652 2.00 18.2 246x10* 17.39
4 203 1x5xsu-s 34 0.471 0.393 2.50 - 1.06x10° 53.50
5 595 1x4xst-s 26.3 0.193 0.148 3.00 0.65 489x10* 3297
6 750 1x5xsu-l 33.7 0.012 0.012 3.75 7.09 6.68x10% 24.32
7 225 1x5xsu-l 47.67 0.050 0.057 3.75 4.39 566x10° 20.66
8 545 1x5xsu-l 48.18 0.0023 0.045 3.75 1.82 475%10% 17.72
9 103 1x5xsu-l 48.14 0.0020 0.016 3.75 172 452x10* 16.82
10 5 1x4xst-l 36.65 0.029 0.011 3.00 5.641 489x10* 2559
11 352 1x4xst-| 36.64 0.027 0.011 3.00 7.18 449x10* 2317
12 69 1x3xst- 33.97 0.0120 0.80 225 10.85 3.13x10* 1574
13 102 1xbxsu-s  33.77 0.020 0.022 2.50 5.06 290x10* 14.87
14 4820 21 PWR - 8.64 8.62 0 - 1.74x10% 772.62
15 2859 44 BWR - 7.87 7.57 0 - 1.29%x 106 536.88

* st-l = standard long; st-s = standard short
su-l = super long; su-s = super short
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34.1  Layers and Matrices per Waste Package

The waste package layers and matrices modeled in the 1997 PA are identified in Figures 3-16 through 3-30. The
total area and mass considered for the entire spent fuel category are labeled, per layer/matrix. In the 1997 PA, a layer
represents a material that consumes or produces water or gas, i.e., protects or contributes to corrosion. A matrix rep-
resents a material that contains radioisotopes. For example, five or more protective layers must be penetrated in a
waste package before release of radioisotopes, such as (1) outer layer of disposal container, (2) inner layer of disposal
container, (3) handling container layer, (4) cladding, and (5) fuel. In the 1997 PA, CST monitors these layers for
water and gas content and whether the layer has been breached. Examples of matrices are the fuel matrix, the clad-
ding, and the borosilicate glass. Note that some materials, such as fue] matrix, are considered both a layer and a
matrix, because they provide protection but also contain radionuclides. Matrices are used by CST, which predicts
(1) radioactive decay and ingrowth of radionuclides, (2) distribution of radionuclides among aqueous and solid
phases within the waste packages; and (3) the transport of radionuclides from the waste packages to the intact host
rock. A listing of the layers and matrices modeled per waste package is provided in Modeling Parameters, Section
3.6.

3.4.2 Radioisotope Inventory per Waste Package

A total of 41 radioisotopes were considered in the inventory provided by NSNFP, as listed in Appendix A. This
inventory is the projected inventory of the spent fuel or high-level waste for disposal in a repository by the year 2030.
INEEL determined the inventory for each spent fuel category with the computer code ORIGEN2 (Oak Ridge Isotope
Generation), which is widely accepted for calculating spent fuel radioisotope inventories (ORNL, 1996).

The specific radioisotopes included in the inventory were selected based on screening that was conducted for
TSPA-1993 (Andrews et al.,, 1994). Radioisotopes were screened by means of two methods. First, they were
screened on the basis of the ratio of their inventory to the release limits specified in Table 1 of 40 CFR 191 (EPA,
1995). The fractional contribution to release was calculated assuming a delay caused by a combination of waste
package lifetime and retarded transport over time. Radioisotopes that contributed to at least a fraction of the EPA’s
release limit at any of four selected times (1000, 10,000, 100,000, and 1,000,000 yr) passed this screening. The entire
decay chain for daughters that contributed greater than 10”5 of the EPA release limit at any time was also included
(Andrews et al., 1994). The second method was to make an additional selection of radioisotopes based on their con-
tribution to dose for the four selected time periods (see M&O, 1997, for the manner in which dose was calculated).
All radioisotopes contributing less than 107 of total dose at any of the four selected times were eliminated from the
inventory, unless they were in the decay chain for daughters that contributed 10 of total dose at any time. The
results of these screening methods yielded the 41 radioisotopes listed in Appendix A.

To estimate the inventory of the 41 radioisotopes per spent fuel category, INEEL ran ORIGEN2 to model the
spent fuel types (based on information in the National Spent Fuel Data Base [NSFDB]) (DOE, 1996). Required input
for ORIGEN?2 calculations includes fuel core composition, power history of the reactor, operating conditions of the
reaction, and the nuclear cross section libraries for each fuel type. If actual data for a spent fuel type were not avail-
able, then those input data were estimated. For each fuel entry selected in the category, a representative ORIGEN2
run was made. The inventory was then calculated as a scaled amount based on the uranium content of each spent fuel
type in the category. Totals for the category were then calculated for each of the 41 radioisotopes.

Spent fuels by category for which ORIGEN2 runs were used directly are as follows:

Category 1 (N-Reactor fuel)

Category 2 (none-represented by ATR ORIGEN? run)

Category 3 (Enrico Fermi Reactor fuel)

Category 4 (Commercial Pressurized Water Reactor [PWR], Pathfinder, Power Burst Facility [PBF], Tran-
sient Reactor Test fuel)

o Category 5 (Pulstar Buffalo, Three Mile Island)

s Category 6 (Advanced Test Reactor [ATR])
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Category 7 (none-represented by ATR ORIGEN2 run)

Category 8 (Fort St. Vrain, General Atomics-High Temperature Gas Cooled Reactor [GA-HTGR])
Category 9 (Peach Bottom)

Category 10 (Fast Flux Test Facility [FFTF] Carbide)

Category 11 (FFTF Oxide)

Category 12 (Shippingport LWBR)

Category 13 (Training Research Isotopes production-General Atomics [TRIGA])

Results from these spent fuels were also used as templates for fuels for which no direct runs were available (e.g.,
Categories 2 and 7).

The inventory calculated in this manner by INEEL was a total per DOE SNF category.

Mass of Heavy Metal per Waste Package. Table 3-3 lists the mass of heavy metal per fuel category for both
regulatory reporting and as modeled in the 1997 PA. The regulatory mass for DOE SNF, as provided by INEEL in
Appendix A, reported only the uranium mass, omitting the inventory of plutonium and thorium. Consequently, for
consistency, the mass of heavy metal was adjusted in the 1997 PA to match the inventory of radioisotopes and the
matrix masses were adjusted to include plutonium and thorium. Future work can more thoroughly examine these dis-
crepancies and determine the best approach for achieving consistency between the total inventory and the reported
mass of heavy metal used for regulatory accounting and comparison.

The MTHM equivalents for all DHLW were estimated as 9842 based on note 1(d) of Appendix of 40 CFR 191.
When the DHLW mass of heavy metal is calculated as 0.5 MTHM per DHLW handling container per short (3.79 m)
waste package, and 0.75 MTHM per DHLW handling container per long (5.3 m) waste package, as described in
Appendix A of this report, the value is 9409.

Activity per Waste Package. Radionuclide inventory is the amount of radioactive elements in a fuel and is usu-
ally given in curies per metric ton of heavy metal (MTHM) initially in the fuel. For the 1997 PA, the analysts calcu-
lated the activity per DOE SNF/DHLW package by adding the DHLW inventory to the DOE SNF inventory per
package by category. Table 3-3 and Figure 3-31 shows the initial activity per waste package by category used in the
1997 PA.,

The activity per handling container of spent fuel (see Appendix A) was calculated by NSNFP for the DOE SNF
categories by dividing the cumulative curie count for each fuel category by the total number of packages in the cate-
gory. The number of handling containers was determmed by adding the values for the “repository pkg count” row for
each spent fuel category listed in Appendix AF Composite spreadsheet totals of the curies in a particular category
were apportioned equally across the total number of packages in that category. This method resulted in a mean value
per handling container that assumed containers within a category were the same size. Thus, no distinction in curie
inventory was made among the differing diameters or container lengths. The 1997 PA used the inventory by DOE
SNF handling container as provided by NSNFP.

In the 1997 PA, the DHLW inventory per waste package was calculated using the data in Appendix A, Table A-9,
which is the same as that used in TSPA-1995. Note that the inventory as listed represents four standard handling con-
tainers. For each DOE SNF category, the 1997 PA calculated the DHLW inventory based on the codisposal configu-
ration selected. For example, if the configuration was 1 X 4 X short, then the inventory in Table A-9 was used as is per
waste package. If the selected configuration was 1 X 5 X long, then the inventory in Table A-9 was multiplied by 5/4
(to account for 5 DHLW packages instead of 4) and then by 1.5 (to account for a long waste package, rather than the
short).

Thermal Power per Waste Package. The heat generated by the fuel within the waste packages is significant to
the repository environment. A repository design consideration is.the spacing of waste packages to ensure a hot repos-

# Repository package in Appendix A is equivalent to waste package.
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itory (see Chapter 5). Values for the heat generated by the spent fuels after disposal are also essential to computations
of near-field hydrologic response, which affects corrosion rates of the packages.

For the 1997 PA, the activity inventories and decay parameters (e.g., half-lives) were used to obtain an initial
thermal power and a thermal power time history for each waste package type modeled and for the entire inventory
(see Table 3-3 and Figure 3-32). In the initial thermal power calculations, two additional radioisotopes were added to
the 41 radioisotopes listed in Appendix A, because the heat generated by barium and yttrium, daughters of 135Cs and
903y, influence short-term heat calculations although their half-lives are not long enough to be significant with regard
to potential radioactive release. In the 1997 PA, further thermal conduction and radiative transfer calculations were
performed to generate temperatures per waste package after disposal (see Chapter 8, Section 8.2) to predict the effect
of heat on fuel performance.

Radioisotopes Considered in the 1997 PA. A total of 43 radioisotopes were considered in the performance
assessment for the heat generation model (Table 3-4). This total includes the 41 radioisotopes identified by NSNFP
(Appendix A), plus two additional radioisotopes—barium and yttrium, daughters of 133Cs and 2°Sr—which were
added because they contribute to heat in the short term, although they did not pass the radioisotope screening per-
formed by INEEL, as described above. The 41 radioisotopes identified by NSNFP were modeled by CST in the
source term submodel to predict their dissolution and solubility when exposed to groundwater and subsequent effects
on releases. Only three of the 41 radioisotopes—lzgl, 237Np, 9?Tc—were considered in the transport calculations
because earlier studies had indicated that these radioisotopes were the most significant with regard to release.

For the DHLW, a total of 49 radioisotopes were considered. Like the 1994 PA, the 1997 PA used the inventory
provided in the 1992 DOE report on Characteristics of Potential Repository Waste (DOE, 1992; Rechard, ed., 1995).
The initial activities (in curies) of the 49 radioisotopes considered for the 1997 PA are shown in Figures 3-33 through
3-48.
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Figure 3-31. Curie content by waste package.
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Figure 3-32. Thermal power by waste package, based on total of 43 radioisotopes.
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Table 3-4. Radioisotopes Considered in 1997 Performance Assessment

, Element Radioisotopes Included Radioisotopes Included in Radioisotopes Included in
Name in Heat Calculations Source-Term Model (CST) Transport Model (NUTS)
Actinium =Zipc 2Zipc
- Americium 241Am 241Am
'{ 242mam 242mp
243Am 2488Am
. Barium 137mpy
1 Carbon e e
Chlorine 3cl %cl
i Curium 2440m 2440m
{ 245Cm 2450m
2460 2460
Cesium 185cs 135¢s
137Cs 137Cs
lodine 128y 129 129y
- Niobium 93mNb 9Bmpp
g 94Nb 94Nb
Nickel 59N 59N
; 63Ni 63Ni
. Neptunium 287Np 287Np 287Np
Protactinium 281pgy 23ipy
b Lead 210pp 210py
L Palladium 107py 107pq
Plutonium 288py 288py
j" 239p,, 239p,,
\ 240p,, 240p,,
241p,, 241p,,
t‘* 242p,, 242p,,
- Radium 228R4 . %5pg
, 228Rg ’ 228Ra
. Selenium 79ge 79ge
’ Samarium 151gm 1515m
‘ Tin 1263n 1263n
Strontium S0gr 90gr
Technetium 99T¢ %Tc 997¢
Thorium 229Th 229Th
230Th 280Th
- 2821H 232Th
| Uranium 233y 233y
| B4y B4y
235U 235U
! 236U 236U
238U 238U
A Yitrium oy
/ Zirconium 98zr 937y
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Total Curies of each Isotope used in Performance Assessment

(The Sum of Category 1)
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Figure 3-33. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for waste
packages with Category 1 fuel (uranium metal).
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Total Curies of each Isotope used in Performance Assessment
(The Sum of Category 2)
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Figure 3-34. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for waste
packages with Category 2 fuel (uranium-zirconium alloy codisposed with DHLW).
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Total Curies of each Isotope used in Performance Assessment
(The Sum of Category 3)
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Figure 3-35. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for waste
packages with Category 3 fuel (uranium-molybdenum alloy codisposed with DHLW).
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, Total Curies of each Isotope used in Performance Assessment
| (The Sum of Category 4)
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. Figure 3-36. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for waste
f packages with Category 4 fuel (uranium oxide - intact clad, codisposed with DHLW).
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Total Curies of each Isotope used in Performance Assessment
(The Sum of Category 5)
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Figure 3-37. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for waste
packages with Category 5 fuel (uranium oxide - failed clad, codisposed with DHLW).
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Total Curies of each Isotope used in Performance Assessment
(The Sum of Category 6)

107 10° 10° 10* 102 102 107 10° 10' 102 10% 10* 10° 10° 10
Activity (Ci)

7

10% 10°

TRI-6342-5884-0

Figure 3-38. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for waste
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Isotope
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Figure 3-39. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for waste
packages with Category 7 fuel (uranium silicide codisposed with DHLW).
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. Total Curies of each Isotope used in Performance Assessment
: (The Sum of Category 8)
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Figure 3-40. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for waste
packages with Category 8 fuel (uranium-thorium carbide - intact clad, codisposed with DHLW).
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3. System Characterization: Waste Packages

Isotope
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(The Sum of Category 9)
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Figure 3-41. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for waste
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packages with Category 9 fuel (uranium-thorium carbide - failed clad, codisposed with DHLW).
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3.4 Waste Packages as Modeled

Total Curies of each Isotope used in Performance Assessment
(The Sum of Category 10)
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Figure 3-42. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment Jor waste

packages with Category 10 fuel (uranium-plutonium carbide, codisposed with DHLW).
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3. System Characterization: Waste Packages

Total Curies of each Isotope used in Performance Assessment
(The Sum of Category 11)
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Figure 3-43. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for waste
packages with Category 11 fuel (mixed oxide fuel, codisposed with DHLW).
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3.4 Waste Packages as Modeled
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Figure 3-44. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for waste

packages with Category 12 fuel (uranium-thorium oxide, codisposed with DHLW).
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3. System Characterization: Waste Packages

Total Curies of each Isotope used in Performance Assessment
(The Sum of Category 13)
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Figure 3-45. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for waste
packages with Category 13 fuel (uranium/zirconium hydride, codisposed with DHLW).
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3.4 Waste Packages as Modeled
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(The Sum of Category 14)
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Figure 3-46. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for waste
packages with Category 14 fuel (PWR commercial SNF).
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3. System Characterization: Waste Packages

242p;

242m Am

Total Curies of each Isotope used in Performance Assessment
(The Sum of Category 15)
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Figure 3-47. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for waste
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Figure 3-48. Initial (year 2030) activity of 49 radioisotopes considered in the performance assessment for total for
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3. System Characterization: Waste Packages

3.5

Summary of Assumptions for Waste Package Conceptual Model

Disposal of the waste inventory into an unsaturated tuff geologic repository is assumed to occur in the year
2030.

An initial inventory of 41 radioisotopes was taken as is from NSNFP (see Appendix A); 2 additional radionu-
clides—barium and yttrium, daughters of 135Cs and 90Sr—were included in the heat generation calculations;
41 radioisotopes were considered in the source term model for releases from groundwater; 3 radioisotopes
were considered in the transport calculations.

Thirteen DOE SNF spent fuel categories are modeled, based on a grouping by DOE two commercial spent
fuel categories are modeled; DHLW in the form of borosilicate glass is modeled.

One type of spent fuel per category represents the DOE SNF grouping for Categories 1 through 13.

Fifteen types of waste packages are modeled. Waste Package 1 includes N-Reactor fuel only; Waste Packages
2 through 13 include DOE SNF categories 2 through 13 codisposed with DHLW; Waste Packages 14 and 15
include 21-PWR and 44-BWR, respectively.

The codisposal configuration selected for Categories 1 through 13 was based on information provided by
NSNEP for the 1997 PA and was generally the most frequently used configuration (see Appendix A).

Four types of disposal containers are modeled: standard short, standard long, super short, and super long.
The short containers are 3.79 m (nominal 10 ft); the long containers are 5.30 m (nominal 15 ft). The standard
diameter is 1.725 m; the super diameter is 2.0 m.

Handling containers for DOE SNF are constructed of 6.35-mm 304L stainless steel. Lengths are 3.0 m (10 ft)
and 4.6 m (15 ft). Diameters are 25.4 cm, 43.2 cm, or 61.0-cm (10-in., 17-in., or 24-in.). Length and diame-
ter were modeled by category based on information provided by NSNFP for the 1997 PA.

Handling container for DHLW is the standard DOE high-level waste container, with 0.95-cm-thick stainless
steel.

The disposal.containers for all categories include a 10-cm-thick outer carbon steel layer and a 2-cm-thick
inner Inconel 625 layer.

See also Chapter 7 for assumptions regarding corrosion of the waste package and transport of the source term.
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3.6 Modeling Parameters for Waste Package

1& 3.6 Modeling Parameters for Waste Package

! Modeling parameters are listed for waste packages and radioisotopes.

3.6.1 Layers and Matrices Modeled per Waste Package

Table 3-5 provides a listing of the layers and matrices modeled per waste package. Below is a key to the param-

r eter names.
r WDG Label for waste package
| COUNT Number of waste packages modeled

NLAYERS Number of layers in waste package
NMATRIX Number of matrices in waste package

i AREALn Area of Layern

ik COMPLn Composition of Layer n
DIAMLn Diameter of Layer n

r LENGTHLn Length of Layern

‘ MASSLn Mass of Layer n

" AREAMn Area of Matrix n
COMPMn Composition of Matrix n

COVLAYMn  Cover layer of Matrix n
I INFRALmn Inventory fraction for all isotopes, Matrix m, Inventory n

INFRCmn Inventory fraction of carbon, Matrix m, Inventory n
: INVIDmn Inventory identification of Matrix m, Inventory n
- MASSMn Mass of Matrix m

: 362 Activity per Category and Radionuclide Half-Life

Tables 3-6 and 3-7 list the total curies (DOE SNF and DHLW) per category and the half-lives of the radioisotopes
considered in the inventory, respectively.
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3. System Characterization: Waste Package

Table 3-5. Layers Modeled by Waste Package

IEstePackagM 0x4x15 o4n (N-Reactor)
WDG WP01
Count 118
Nlayers 5
Nmatrix 1
Layer1 Outer Package
Arealt 3340 m?
CompL1 1 carbon steel
DiamL1 1725 m

1 530 m
MassL1 24140.00 kg
Layer2 Inner Package
Areal2 2743 m®
Compl2 17 Alloy C-22
DiamL2 1525 m
Lengthl2 49 m
MasslL2 4629.00 kg
Layer3 SNF Canister
Areal3 3680 m?
CompL3 6 304LSS
DiamL3 061 m
LengthL.3 4572 m
MassL3 277360 kg
Layer4 Clad
Areal4 28600 m?
Compl4 3 Zircaloy
MassL4 1650.00 kg (40% of U Mass)
LayerS Fuel Meat
Areals 28500 m?
ComplL5 11 U Metal (metal model)
MassL5 18073.00 kg
Matrix 1 U metal
AreaM1 28600 m?
CompM1 11 U Metal (metal model)
CovLayM1 4
InFrAl11 1
Invidi1 1
MassM1 18073.00 kg
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3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

Table 3-5. Layers Modeled by Waste Package (Continued)

Waste Package 2 1x5x15 177 (CP-5, HWCTR)
WDG WP02

Count 9

Nlayers 5

Nmatrix 2

Layer1 Outer Package

Areal 4027 m*
CompL1 1 carbon steel
DiamL.1 203 m
LengthL1 530 m

MassL1 29390.00 kg

Layer2 Inner Package

Areal2 3343 m®
Compl2 17 Alloy C-22
DiamL2 18 m
Lengtht2 49 m

MassL2 5717.00 kg

Layer3 HLW + SNF Canisters

Areal3 5290 m?
CompL3 6 304LSS
DiamL3 061 m
LengthL3 4572 m

MassL3 3975.80 kg

Layer4 Clad

Areal4 0223 m*
CompL4 3 Zircaloy
MassL4 29 kg (65% of U Mass)
LayerS U-Zr

Areal5 0223 m®
ComplL5 10 U-Zr (metal model; treat as U Metal)
MassL5 446 kg

Matrix 1 Glass

AreaM1 4230 m?
CompM1 15 Glass
CovLayM1 3

InFrAl11 3.60E-03

Invid11 16

MassM1 14250.00 kg

Matrix 2 u-Zr

AreaM2 0223 m®
CompM2 10 U-Zr (metal model; treat as U Metal)
CovLayM2 4

InFrAl21 1

Invid21 2

MassM2 445 kg

September 30, 1998
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3. System Characterization: Waste Package

Table 3-5. Layers Modeled by Waste Package (Continued)

Este Package 3 1x4x10' 1o (Fermi)
WDG WP03

Count &5

Nlayers 5

Nmatrix 2

Layer1 Outer Package

Areal.1 2521 m?

CompL1 1 carbon steel
DiamL1 1725 m

Length1 379 m

MassL1 18080.00 kg

Layer2 Inner Package

Areal2 880 m?
Compl2 17 Alloy C-22
DiamL2 1645 m

Lengtht 2 34 m

Massl2 1608.00 kg

Layer3 HLW + SNF Canisters

Areal 3 2782 m?

CompL3 6 304LSS
DiamL3 061 m

Lengthl3 3048 m

MassL3 202860 kg

Layer4 Clad

Areald 48 m°

ComplL4 3 Zircaloy
MassL4 1958 kg (27.4% of U Mass)
Layer5 U-Mo

Areal5 48 m®
ComplL5 5 U-Mo (Treat as U metal x 10)
MassLS 7145 kg

Matrix 1 Glass

AreaM1 256 m?
CompM1 15 Glass
CovlLayM1 3

InFrAI11 1.18E-02

Invid11 16

MassM1 7600.00 kg

Matrix 2 U-Mo

AreaMi2 48 m®
CompM2 5 U-Mo (Treat as U metal x 10)
CovLayM2 4

InFrAi21 1

Invid21 3

MassM2 7145 kg
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Table 3-5. Layers Modeled by Waste Package (Continued)

3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

{ Waste Package 4 Tx5x10 47+ (SMippingport (HEU), Commercial (LEU), Saxton (MEU))
WDG WP04
Count 203
I Nlayers 5
; Nmatrix 2
Layer1 Outer Package
Areal1 3010 m®
CompL1 1 carbon steel
! DiamL1 203 m
LengthL1 379 m
MassL1 2220000 kg
| Layer2 Inner Package
, Areal2 2481 m?
CompL2 17 Alloy C-22
- DiamL2 183 m
! Lengthl.2 34 m
L MasslL2 423500 kg
Layer3 HLW + SNF Canisters
r Areal3 %632 m?
; CompL3 6 304LSS
i DiamL3 061 m
LengthL3 3048 m
; Masst3 272730 kg
|
i Layer4 Clad
Areal4 2439 m®
ComplL4 3 Zircaloy
. MassL4 17898 kg (38% of U Mass)
' Layer5 uo2
Areal5 2439 m?
- ComplL5 14 UO2 (commercial model)
[ MassL5 471.00 kg
Matrix 1 Glass
AreaM1 282 m?
CompM1 15 Glass
CovlLayM1 3
InFrAl11 542E-02
Invid11 16
[ MassM1 ©500.00 kg
Matrix 2 uo2
AreaM2 2439 m®
CompM2 14 UO2 (commercial model)
CovlLayM2 4
InFrAi21 1
Invld21 4
MassM2 47100 kg

- September 30, 1998
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3. System Characterization: Waste Package

Table 3-5. Layers Modeled by Waste Package (Continued)

IEStePackages 1x4x10' 4¢» (SM-1A, ORNL SST and Zr (MEU), TMI-2 (LEU))
WDG WP05

Count 595

Nlayers 5

Nmatrix 2

Layer1 Outer Package

Areal 1 2521 m?
ComplL1 1 carbon steel
DiamlL1 1725 m
LengthL1 379 m

MassL1 18080.00 kg

Layer2 Inner Package

Areal2 88 m?
Compl2 17 Alloy C-22
DiamL2 16456 m

Lengtht 2 34 m

MassL2 1608.00 kg

Layer3 HLW + SNF Canisters

Areal3 2782 m?
Compl3 6 304LSS
DiamL3 061 m

Lengthl 3 3048 m

MassL3 202880 kg

Layer4 Clad

Areal4 73950 m®
CompL4 3 Zircaloy
MassL4 11600 kg (80% of U Mass)
Layer5 uo2

Areal5 73950 m?
Compl5 14 UO2 (commercial model)
MassL5 145 kg

Matrix 1 Glass

AreaM1 25 m?
CompM1 15 Glass
CovLayM1 3

InFrAl11 1.27E-01

Invid11 16

MassM1 760000 kg

Matrix 2 uo2

AreaM2 73950 m?
CompM2 14 UO2 (commercial model)
CovLayM2 4

InFrAi21 1

Invid21 5

MassM2 145 kg
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3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

Table 3-5. Layers Modeled by Waste Package (Continued)
Waste Package 6 1x5%x15" 477 (ATR (HEU), MTR, FRR (MEU))
WDG WP06
Count 750
Niayers 5
Nmatrix 2
Layer1 Outer Package
AreaL1 4027 m?

CompL1 1.00 carbon steel
DiamL1 203 m
LengthL1 530 m

MassL1 29390.00 kg

Layer2 Inner Package

Areal2 3343 m?
Compl2 17 Alloy C-22
DiamL2 183 m
Lengthl.2 48 m

Massl2 5717.00 kg

Layer3 HLW + SNF Canisters

Areal3 5290 m?
ComplL3 6 304LSS
DiamL3 061 m
LengthL3 4572 m

MassL3 3975.80 kg

Layer4 Clad

Areal4 1546 m?
Compl4 4 Aluminum
MassL4 10.71 kg (90% of U Mass)
LayerS U-Al

Areal5 1546 m®
Compl.5 11 U-Al (metal model; treat as U metal)
MassL5 1190 kg

Matrix 1 Glass

AreaM1 4230 m?
CompM1 15 Glass
CovlayM1 3

InFrAl11 3.01E-01

Invid11 16

MassM1 14250.00 kg

Matrix 2 U-Al

AreaM2 1546 m?
CompM2 11 U-Al (metal model; treat as U metal)
CovLayM2 4

InFrA121 1

Invid21 6

MassM2 11.90 kg

September 30, 1998
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3. System Characterization: Waste Package

Table 3-5. Layers Modeled by Waste Package (Continued)
Ifste Package 7 1x5x158 47v (MTR, FRR (HEU, MEU))
WDG WP07
Count 25
Niayers 5
Nmatrix 2
Layer1 Outer Package
Areal 1 4027 m?
CompL1 1.00 carbon steel
DiamL1 203 m
LengthL 1 530 m
MassL1 2939000 kg
Layer2 Inner Package
Areal2 3343 m?
Compl2 17 Alloy C-22
DiamlL2 18 m
Lengthl2 49 m
MassL2 5717.00 kg
Layer3 HLW + SNF Canisters
Areal3 5290 m?
CompL3 6 304LSS
DiamL3 061 m
Lengthl3 4572 m
MassL3 397580 kg
Layer4 Clad
Areal4 6568 m®
ComplL4 4 Aluminum
MassL4 3536 kg (70% of U Mass)
Layer5 U-Si
Areals 6568 m®
ComplL5 7 U-Si (Treatas 0.1 x U Meta)
MassL5 5052 kg
Matrix 1 Glass
AreaM1 4230 m?
CompM1 15 Glass
CovLayM1 3
InFrAl11 9.02E-02
Invid11 16
MassM1 1425000 kg
Matrix 2 U-Si
AreaM2 6568 m?
CompM2 7 U-Si (Treat as 0.1 x U Meta))
CovLayM2 4
InFrAl21 1
Invid21 7
MassM2 85052 kg

N
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3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

Table 3-5. Layers Modeled by Waste Package (Continued)

September 30, 1998

lWaste Package 8 1%x5x15' 47v (Ft. St. Vrain (HEU))
WDG WP08
Count 545
Nlayers 6
Nmatrix 3
Layer1 Outer Package
Areal 1 4027 m?
ComplL1 1.00 carbon steel
DiamL1 203 m
LengthL1 530 m
MassL1 29390.00 kg
Layer2 Inner Package
Areal2 3343 m?
Compl2 17 Alloy C-22
DiamL2 183 m

© Lengthl2 49 m
Massl2 5717.00 kg
Layer3 HLW + SNF Canisters
Areal3 5290 m?
CompL3 6 304LSS
DiamL3 061 m
LengthL3 4572 m
MassL3 3875.80 kg
Layer4 Clad
Areald 785 m?
ComplL4 12 Graphite
MassL4 22638 kg (98% of U Mass)
Layer§ Particle Coating
Areal5 1 m?
Compl5 13 TRISO
MassL5 065 kg
Layer6 U-Th-C
Areal6 1 m?
CompL6 8 U-Th-C (carbide model)
Massl6 231 kg
Matrix 1 Glass
AreaM1 423 m?
CompM1 15 Glass
CovlayM1 3
InFrAl11 2.18E-01
Invidi1 16
MassM1 1425000 kg
Matrix 2 * Clad
AreaM2 785 m?
CompM2 12 Graphite
CovlLayM2 3
InFrAi21 0
InFrC_21 065
Invid21 8
MassM2 22638 kg (98% of U Mass)
Matrix 3 U-Th-C
AreaM3 1 m?
CompM3 8 U-Th-C (carbide model)
CovLayM3 5
InFrAlI31 1
InFrC_31 0.35
Invid31 8
MassM3 231 kg
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3. System Characterization: Waste Package

Table 3-5. Layers Modeled by Waste Package (Continued)

lWaste Package 9 1x5x15' 47 (Peachbottom (HEU))
wWDG WP09

Count 103

Nlayers 5

Nmatrix 3

Layer1 Outer Package

Areal 1 4027 m?
ComplL1 1.00 carbon steel
DiamL1 203 m
LengthL1 530 m

MassL1 2839000 kg

Layer2 Inner Package

Areal2 3343 m?
Compl2 17 Alloy C-22
Diaml2 183 m
Lengthl2 49 m

Massl2 5717.00 kg

Layer3 HLW + SNF Canisters

Areal3 5290 m?
CompL3 6 304LSS
DiamL3 061 m
Lengthl3 4572 m

Massl3 397580 kg

Layer4 Clad

Areald4 010 m?
CompL4 12 Graphite
MassL4 1.997 kg (99.6% of U Mass)
Layer5 U-Th-C

Areal5 1 m?
ComplL5 8 U-Th-C (carbide model)
Massl5 2005 kg

Matrix 1 Glass

AreaM1 4230 m?
CompM1 15 Glass
CovLayM1 3

InFrAl11 4.13E-02

Invid11 16

MassM1 1425000 kg

Matrix 2 Clad

AreaMi2 010 m?
CompM2 12 Graphite
CovLayM2 3

InFrAi21 0

InFrC_21 065

Invid21 9

MassM2 1.997 kg (89.6% of U Mass)
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3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

Table 3-5. Layers Modeled by Waste Package (Continued)

Waste Package 9

1x5x15" q7»

(Peachbottom (HEU))

Matrix 3
AreaM3
CompM3
CovLayM3
InFrAl31
InFrC_31
Invid31
MassM3

September 30, 1998

U-Th-C

mz

U-Th-C

o
0B ano

2005 kg

(carbide model)
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3. System Characterization: Waste Package

Table 3-5. Layers Modeled by Waste Package (Continued)

Waste Package 10 1%x4%15 10 (SRE (MEU FGE), FFTF Carbide (MEU FGE))
WDG WP10

Count 5

Nlayers 5

Nmatrix 2

Layer1 Outer Package

Aseal 3340 m?

CompL1 1 carbon steel
DiamL1 1725 m

LengthL1 530 m

MassL1 2414000 kg

Layer2 Inner Package

Areal2 2713 m?

Compl2 17 Alloy C-22
DiamL2 1525 m

LengthL2 49 m

Massl2 462900 kg

Layer3 HLW + SNF Canisters

Areal3 4055 m?

ComplL3 6 304LSS
DiamL3 061 m

LengthL.3 4572 m

MassL3 285760 kg

Layer4 Clad

Areald 151 m®

CompL4 6 Stainless Steel
MassL4 219 kg (75% of U Mass)
Layer5 U/Pu-C

Areal5 1 m?

CompL5 8 U/Pu-C (carbide modei)
MassL5 202 kg

Matrix 1 Glass

AreaM1 3384 m?

CompM1 15 Class
CovLayM1 3

InFrAl11 1.60E-03

Invidi1 16

MassM1 11400.00 kg

Matrix 2 U/Pu-C

AreaM2 1m?

CompM2 8 U/Pu-C - (carbide model)
CovLayM2 4

InFrAi21 1

InFrC_21 035

Invid21 10

MassM2 292 kg
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Table 3-5.

3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

Layers Modeled by Waste Package (Continued)

Waste Package 11

1x4x%15 10" (GE Test (HEU FGE), FFTF-DFA (HEU FGE), FFTF-TFA-ACO)

WDG WP11

Count 352

Nlayers 5

Nmatrix 2

Layer1 Quter Package

Areal1 3340 m?
CompL1 1 carbon steel
DiamL1 1725 m
Lengthl1 530 m

MassL1 2414000 kg

Layer2 Inner Package

Areal2 2743 m?
Compl2 17 Alloy C-22
DiamL2 1825 m
Lengthl2 49 m

MassL2 462300 kg

Layer3 HLW +SNF Canisters

Areal3 4055 m?
CompL3 6 304LSS
DiamL3 061 m
LengthL3 4572 m

MassL3 295760 kg

Layer4 Clad

Areald 142 m?
ComplL4 6 Stainless Steel
Massl4 10980 kg (40% of U Mass)
Layer5 MOx

Areal5 142 m®
ComplL5 14 MOx (Treat as Commercial)
MassL5 2745 kg

Matrix 1 Glass

AreaM1 3384 m?
CompM1 15 Glass
CovLayM1 3

InFrAl11 1.13E-01

Invid11 16

MassM1 11400.00 kg

Matrix 2 MOx

AreaM2 142 m?
CompM2 14 MOx (Treat as Commercial)
CovlLayM2 4

InFrAl21 1

Invid21 11

MassM2 27449 kg

September 30, 1998
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3. System Characterization: Waste Package

Table 3-5.

Layers Modeled by Waste Package (Continued)

Waste Package 12

S
1x3%15 477 (LWBR (HEU FGE), Dresdes (HEU FGE)

WDG WP12

Count €9

Niayers 4
Nmatrix 2

Layer1 Outer Package

Areal 3340 m?
ComplL1 1 carbon steel
DiamL1 1725 m
Lengthl 1 530 m
MassL1 2414000 kg
Layer2 Inner Package

Areal2 2743 m?
ComplL2 17 Alloy C-22
DiamL2 1525 m
Lengthl2 49 m
Massl2 4629.00 kg
Layer3 HLW + SNF Canisters
Areal3 3450 m?
CompL3 6 304LSS
DiamL3 061 m
Lengtht.3 4572 m
MassL3 258900 kg
Layer4 Clad

Areal4 132 m?
CompL4 3 Zircaloy
MassL4 11626 kg (97% of U Mass)
Matrix 1 Glass

AreaM1 2538 m?
CompM1 15 Glass
CovlLayM1 3

InFrAli1 1.66E-02

Invid11 16
MassM1 855000 kg
Matrix 2 THO2

AreaM2 132 m?
CompM2 9 THO2 (ceramic model)
CovLayM2 4

InFrAl21 1

Invid21 12
MassM2 11.986 kg
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3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

September 30, 1998

Table 3-5. Layers Modeled by Waste Package (Continued)

|Waste Package 13 1x5x%10' 17" (TRIGA Flip (HEU), TRIGA Std. & alum. (MEU), SNAP (HEU))
WDG WP13

Count 102

Nlayers 5

Nmatrix 2

Layer1 Quter Package

Areal.1 3064 m?

ComplL1 1 carbon steel

DiamL1 203 m

LengthL1 379 m

MassL1 2220000 kg

Layer2 Inner Package

Areal2 2481 m?

ComplL2 17 Alloy C-22

DiamlL2 183 m

Lengtht2 34 m

MassL2 423500 kg

Layer3 HLW + SNF Canisters

Areal3 3632 m?

ComplL3 6 304LSS

DiamL3 061 m

LengthL3 3048 m

MassL3 272730 kg

Layer4 Clad

Areal4 72 mt

ComplL4 6 Stainless Steel

MassL4 1861 kg (95% of U Mass)
Layer5 U-Zr-Hx

Areal5 72 mt

Compl5 10 U-Zr-Hx (0.1 x commercial)
MassL5 1959 kg

Matrix 1 Glass

AreaM1 2820 m?

CompM1 15 Glass

CovlLayMi 3

InFrAl11 2.18E-02

Invid11 16

MassM1 9500.00 kg

Matrix 2 U-Zr-Hx

AreaM2 722 m?

CompM2 10 U-Zr-Hx (0.1 x commercial)
CovLayM2 4

InFrAl21 1

Invid21 13

MassM2 19588 kg
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3. System Characterization: Waste Package

Table 3-5. Layers Modeled by Waste Package (Continued)

Waste Package 14 Commercial (21-PWR)
WDG WP14

Count 4820

Nlayers 5

Nmatrix 2

Layer1 Outer Package

Areal 1 4027 m®
CompL1 1.00 carbon steel
DiamL1 2030 m
Lengthl1 530 m
MassL1 29390.00 kg
Layer2 Inner Package

Areal2 3343 m?
ComplL2 17 Alloy C-22
DiamL2 18 m
Lengthl2 49 m

Massl 2 5717.00 kg
Layer3 304L Stainless Steel

Areal3 18000 m?
CompL3 6 304L Stainless Steel
MassL3 3609.00 kg
Layer4 Clad

Areal4 53000 m?
ComplL4 3 Zircaloy
MassL4 270000 kg
Layer5 uo2

Areal5 56000 m®
CompL5 14 UO2
MassL5 8644.00 kg

Matrix 1 Borated Stainless Steel 316
AreaM1 18000 m?
CompM1 16 Borated Stainless Steel 316
CovLayM1 2

InFrAil11 1

Invid11 14

MassM1 3609.00 kg

Matrix 2 uo2

AreaM2 56000 m?
CompM2 14 UO2
CovLayM2 4

InFrAl21 1

Invid21 14

MassM2 8644.00 kg
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3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

Table 3-5. Layers Modeled by Waste Package (Continued)

Waste Package 15 Commercial 44-BWR
WDG .WP15

Count 2859

Nlayers 5

Nmatrix 2

Layer1 Outer Package

Areal 4027 m®
Compl1 1.00 carbon steel
DiamL1 2030 m
LengthL1 530 m
MassL1 29390.00 kg
Layer2 Inner Package

Areal2 3343 m?
Compl2 17 Alloy C-22
DiamL2 183 m
Lengthl2 49 m
MassL2 5717.00 kg
Layer3 304L Stainless Steel

Areal3 25800 m?
CompL3 6 304L Stainless Steel
MassL3 3627.00 kg
Layer4 Clad

Areal4 42000 m*
Compl4 3 Zircaloy
MassL4 250000 kg
Layers uo2

Areals 44000 m®
CompL5 14 UO2
MassL5 787200 kg

Matrix 1 Borated Stainless Steel 316
AreaM1 00 m?
CompM1 16 Borated Stainless Steel 316
CovLayM1 2

InFrAl11 1

Invid11 15

MassM1 3627.00 kg

Matrix 2 uo2

AreaM2 3117312 m?
CompM2 14 UO2
CovLayM2 4

InFrAl21 1

Invid21 15

MassM2 787200 kg
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3. System Characterization: Waste Package

Total Curies (DOE SNF and DHLW) by Category

Table 3-6.
COMPLEX CUM TSPA Category
SNF, not HLW 1 4x0x15'
packages

INEEL 13

SRS

Hanford 105

Total 118

SNF (Ci/pkg) Total Curies

(based upon 4 MCO's / package) Per Category
Isotopes

c14 5.70E+00 6.72E+02
CL36 0.00E+00 0.00E+00
Ni 59 3.21E-01 3.79E+01
NI 63 3.03E+01 3.57E+03
SE79 7.06E-01 8.33E+01
SR90 3.96E+04 4.67E+06
YS0 3.96E+04 4.67E+06
ZR93 . 3.31E+00 3.91E+02
NB 93M 3.03E+00 3.57E+02
NB 94 1.06E-06 1.25E-04
TC 99 2.37E+01 2.80E+03
RU106

RH106

PD107 1.18E-01 1.39E+01
SN126 1.23E+00 1.46E+02
1129 5.18E-02 6.12E+00
CS134

CS135 6.30E-01 7.43E+01
CS137 5.32E+04 6.28E+06
BA137M 5.32E+04 6.28E+06
CE144

PR14

PM147

SM151 1.16E+03 1.36E+05
PB210 6.35E-10 7.49E-08
RA226 1.80E-05 2.13E-03
RA228 1.46E-09 1.72E-07
AC227 8.59E-05 1.01E-02
TH229 1.46E-07 1.73E-05
TH230 1.61E-05 1.90E-03
TH232 1.90E-09 2.25E-07
PA231 2.16E-04 2.55E-02
U233 9.01E-05 1.06E-02
U234 7.64E+00 9.02E+02
U235 2.92E-01 3.45E+01
U236 1.11E+00 1.31E+02
U238 6.01E+00 7.09E+02
NP237 6.10E-01 7.20E+01
PU238 8.56E+02 1.01E+05
PU239 1.95E+03 2,30E+05
PU240 1.13E+03 1.33E+05
PU241 1.24E+04 1.46E+06
PU242 5.46E-01 6.44E+01
AM241 4.27E+03 5.04E+05
AM242M 1.14E-01 1.34E+01
AM243 6.44E-01 7.60E+01
CM244 1.78E+01 2.10E+03
CM245 . 8.06E-03 9.52E-01
CM246 1.07E-03 1.26E-01

2.45E+07
Total Ci/pkg. 2.07E+05
Total Ci/category 2.45E+07
Prepared by Lenny Storz 9/4/98
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COMPLEX CUM TSPA Category
SNF, not HLW 2
INEEL 9

SRS

Hanford

Total 9
SNF (Ci/pkg)

Isotopes

C14 7.27E-06
CL36 0.00E+00
NI 59 0.00E+00
NI 63 0.00E+00
SE79 2.61E-02
SR80 6.26E+03
Y30 6.26E+03
ZR93 1.34E-01
NB 93M 7.71E-03
NB 94 1.45E-06
TC 99 8,.81E-01
RU106
RH106
PD107 1.01E-03
SN126 2,34E-02
1129 1.45E-03
CS134
CS135 6.83E-03
CS137 6.52E+03
BA137TM 6.52E+03
CE144
PR144
PM147
SM151 2.36E+01
PB210 7.65E-13
RA226 1.95E-12
RA228 1.10E-13
AC227 4.23E-09
TH229 9.41E-11
TH230 7.60E-09
TH232 1,.80E-12
PA231 2.03E-07
U233 8,09E-07
U234 7.60E-04
U235 7.27E-03
U236 2,98E-02
U238 1.33E-04
NP237 1.78E-02
PU238 3.83E+01
PU239 9.52E-01
PU240 5.44E-01
PU241 1.87E+02
PU242 8.15E-04
AM241 3.42E-01
AM242M 1.03E-03
AM243 3.37E-03
CM244 1.39E-01
CM245 7.10E-06
CM246 4,89E-07

September 30, 1998

SNF (Cifcat)

3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

1x5x15"

DHLW (Cifcan)
6.54E-05 0.00E+00)]
0.00E+00 0.00E+00
0.00E+00 3.31E-02
0.00E+00 3.58E+00
2.35E-01 1.01E-01
5.63E+04 3.04E+04
5.63E+04 3.08E+04]
1.21E+00 7.71E-01
6.94E-02 1.35E-01
1.31E-05 3.33E-05
7.93E+00 3.63E+00)]
0.00E+00 2.05E+03
0.00E+00 2.05E+03
9.12E-03, 1.24E-02]
2,11E-01 2.39E-01
1.30E-02 2.09E-06
0.00E+00 2.42E+03
6.14E-02 1.27E-01
5.87E+04 3.05E+04
5.87E+04 2.88E+04
0.00E+00 1.25E+04
0.00E+00 1.25E+04
0.00E+00 2.12E+04
2.12E+02 3.09E+0
6.89E-12 0.00E+00
1.75E-11 0.00E+00
9.91E-13 1.07E-04
3.80E-08 5.80E-06
8.47E-10 1.48E-05
6.84E-08 4.24E-06
1.62E-11 1.16E-04
1.83E-06 1.07E-03
7.28E-06 6.38E-04
6.84E-03 1.27E-02]
6.54E-02 8.70E-05
2.69E-01 4.76E-04
1.20E-03 4.15E-03
1.60E-01 3.02E-02
3.45E+02 5.58E+02
8.57E+00 5.20E+00
4.90E+00 3.57E+00
1.68E+03 6.89E+02
7.33E-03 5.52E-03
3.08E+00 8.20E+01
9.31E-03 2.60E-02
3.04E-02 4.05E-02
1.25E+00 3.92E+01
6.39E-05 6.44E-05
4.40E-06 7.24E-06

Total Ci DHLW
per package

0.00E+00
0.00E+00
2.49E-01
2.68E+01
7.57E-01
2.28E+05
2.31E+05
5.78E+00
1.02E+00
2.49E-04
2.72E+01
1.53E+04
1.54E+04
9.27E-02
1.79E+00
1.56E-05
1.81E+04
9.49E-01
2.28E+05
2.16E+05
9.41E+04
9.41E+04
1.59E+05
2.32E+03
0.00E+00
0.00E+00
8.04E-04
4.35E-05
1.11E-04
3.18E-05
8.69E-04
8.04E-03
4.78E-03
9.55E-02
6.52E-04
3.57E-03
3.11E-02
2.27E-01
4.18E+03
3.90E+01
2.68E+01
5.17E+03
4.14E-02
6.15E+02
1.95E-01
3.03E-01
2.94E+02
4.83E-04
5.43E-05

1.31E+06]

Total Cilpkg. =
Total C/category =

Prepared by Lenny Storz 9/4/98

7.27E-06
0.00E+00
2.49E-01
2.68E+01
7.83E-01
2.34E+05
2.37E+05
5.92E+00
1.02E+00
2.51E-04
2.81E+01
1.53E+04
1.54E+04
9.38E-02
1.82E+00
1.46E-03
1.81E+04
9.56E-01
2.35E+05
2.22E+05
9.41E+04
9.41E+04
1.59E+05
2.34E+03
7.65E-13
1.95E-12
8.04E-04
4.35E-05
1.11E-04
3.18E-05
8.69E-04
8.04E-03
4.79E-03
9.63E-02
7.92E-03
3.34E-02
3.13E-02
2.44E-01
4.22E+03
4,00E+01

2,73E+01 -

5.35E+03
4.22E-02
6.15E+02
1.86E-01
3.07E-01
2.94E+02
4.90E-04
5.48E-05

1.34E+06
1.20E+07

Table 3-6. Total Curies (DOE SNF and DHLW) by Category (continued)

Total Ci (SNF  Total Ci

+ DHLW) Per Category

6.54E-05
0.00E+00
2.24E+00
2.41E+02
7.05E+00
2.11E+06
2,13E+06
5.33E+01
9.21E+00
2.26E-03
2.53E+02
1.38E+05
1.38E+05
8.44E-01
1.64E+01
1.32E-02
1.63E+05
8.60E+00
2.11E+06
2.00E+06
8.47E+05
8.47E+05
1.43E+06
2.11E+04
6.89E-12
1.75E-11
7.23E-03
3.91E-04
1.00E-03
2.86E-04
7.82E-03
7.24E-02
4.31E-02
8.66E-01
7.13E-02
3.01E-01
2.82E-01
2.20E+00
3.80E+04
3.60E+02
2.46E+02
4.82E+04
3.80E-01
5.54E+03
1.76E+00
2.76E+00
2.65E+03
4.41E-03
4.93E-04
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3. System Characterization: Waste Package

Table 3-6.
COMPLEX CUM TSPA Category
SNF, not HLW 3
packages

INEEL 55
SRS

Hanford
Total 55

SNF (Ci/pkg)

Isotopes

Cc14 2.73E-03
CL36 6.93E-06
NI 59 8.53E-03
Ni 63 1.78E-01
SE79 2.07E-03
SR90 1.95E+02
Y30 1.95E+02
ZR93 8.27E-03
NB 93M 5.75E-03
NB 94 1.04E-03
TCS8 5.62E-02
RU106
RH106

PD107 1.60E-04
SN126 4.72E-03
1129 1.44E-04
CS134
CS135 5.63E-03
CS5137 2.32E+02
BA137TM 2.32E+02
CE144
PR144
PM147
SM151 8.64E+00
PB210 1.79E-10
RA226 8.00E-10
RA228 5.01E-08
AC227 8.63E-06
TH229 2.93E-09
TH230 1.43E-07
TH232 5.29E-09
PA231 2.44E-05
U233 1.23E-06
U234 6.15E-04
U235 3.92E-02
U236 1.59E-03
U238 1.78E-02
NP237 4.14E-04
PU238 2.07E-02
PU239 2.45E+00
PU240 7.58E-03
PU241 7.53E-04
PU242 4.77E-11
AM241 5.66E-05
AM242M 0.00E+00
AM243 9.13E-13
CM244 8.50E-14
CM245 2.32E-18
CM246 7.59E-23

390

Total Curies (DOE SNF and DHLW) by Category (continued)

1x4x10"

SNF (Ci/Cat)

1.50E-01
3.81E-04

4.69E-01:

9.79E+00
1.14E-01
1.07E+04
1.07E+04
4.55E-01
3.16E-01
5.72E-02
3.09E+00
0.00E+00
0.00E+00
8.80E-03
2.60E-01
7.92E-03
0.00E+00
3.10E-01
1.28E+04
1.28E+04
0.00E+00
0.00E+00
0.00E+00
4.75E+02
9.85E-09
4.40E-08
2.76E-07
4.75E-04
1.61E-07
7.87E-06
2.91E-07

1.34E-03

6.77E-05
3.38E-02
2.16E+00
8.75E-02
9.79E-01
2.28E-02
1.14E+00
1.35E+02
4,17E-01
4.14E-02
2.62E-09
3.11E-03
0.00E+00
5.02E-11
4.68E-12
1.28E-17
4.17E-21

DHLW (Ci/can)  Total Ci DHLW
per package
0.00E+00
0.00E+00
1.33E-01
1.43E+01
4.04E-01
1.22E+05
1.23E+05
3.08E+00
5.42E-01
1.33E-04
1.45E+01
8.18E+03
8.19E+03
4.95E-02
9.57E-01
8.34E-06
9.66E+03
5.06E-01
1.22E+05
1.15E+05
5.02E+04
5.02E+04
8.49E+04
1.24E+03
0.00E+00
0.00E+00
4.29E-04
2.32E-05
5.92E-05
1.69E-05
4.63E-04
4.29E-03
2.55E-03
5.09E-02
3.48E-04
1.90E-03
1.66E-02
1.21E-01
2.23E+03
2.08E+01
1.43E+01
2.76E+03
2.21E-02
3.28E+02
1.04E-01
1.62E-01
1.57E+02
2.58E-04
2.90E-05

' 7.00E+05

Total Cilpkg. =
Total Ci/category =

Prepared by Lenny Storz 9/4/98

Total Ci (SNF  Total Ci

+DHLW)
2.73E-03
6.93E-06
1.41E-01
1.45E+01
4,06E-01
1.22E+05
1.23E+05
3.09E+00
5.48E-01
1.17E-03
1.46E+01
8.18E+03
8.19E+03
4.96E-02
9.62E-01
1.52E-04
9.66E+03
5.12E-01
1.22E+05
1.15E+05
5.02E+04
5.02E+04
8.49E+04
1.24E+03
1.78E-10
8.00E-10
4.29E-04
3.18E-05
5.93E-05
1.71E-05
4.63E-04
4,31E-03
2.55E-03
5.16E-02
3.95E-02
3.49E-03
3.44E-02
1.21E-01
2.23E+03
2.33E+01
1.43E+01
2.76E+03
2.21E-02
3.28E+02
1.04E-01
1.62E-01
1.57E+02
2.58E-04
2.90E-05

7.01E405
3.85E+07

Per Category
1.50E-01
3.81E-04
7.76E+00
7.97E+02
2.23E+01
6.70E+06
6.78E+06
1.70E+02
3.01E+01
6.45E-02
8.02E+02
4.50E+05
4.51E+05
2.73E+00
5.29E+01
8.38E-03
5.32E+05
2.82E+01
6.71E+06
6.34E+06
2.76E+06
2.76E+06
4.67E+06
6.84E+04
9.85E-09
4,40E-08
2.36E-02
1.75E-03
3.26E-03
9.40E-04
2.55E-02
2.37E-01
1.40E-01
2.84E+00
2.18E+00
1.92E-01
1.89E+00
6.67E+00
1.23E+05
1.28E+03
7.86E+02
1.52E+05
1.22E+00
1.80E+04
5.72E+00
8.90E+00
8.63E+03

1.42E-02
1.59E-03
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3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

Table 3-6. Total Curies (DOE SNF and DHLW) by Category (continued)

COMPLEX CUM TSPA Category
SNF, not HLW 4
packages
P INEEL 182
, SRS
' Hanford 21
) Total 203
[ SNF (Clpkg)
- Isotopes
Cc14 3.75E-02
- CL36 0.00E+00
NI 59 0.00E+00
NI 63 1.72E+03
SE79 1.88E-01
SRs0 2.37E+04
; Y90 2.37E+04
‘ ZR93 8.83E-01
b NB 93M 5.93E-01
i NB 94 0.00E+00
TC 99 6.53E+00
RU106
RH106
PD107 4,79E-02
\ SN126 2.38E-01
' 1129 1.77E-02
- CS134
CSs135 1.52E-01
; Ccs137 3,19E+04
: BA137M 3,19E+04
. CE144
PR144
- PM147
| SM151 5.42E+02
PB210 3.57E-08
RA226 1.49E-07
‘ RA228 1.29E-04
; AC227 1.60E-04
' TH228 3.84E-04
: TH230 2.65E-05
TH232 1.36E-04
- PA231 2.81E-04
U233 1.49E-01
{ U234 1.43E-01
U235 1.61E-02
U236 1.35E-01
U238 1.26E-01
NP237 1.73E-01
PU238 1,68E+03
~ PU239 1.85E+02
; PU240 2.76E+02
PU241 1.47E+04
- PU242 9.12E-01
. AM241 1.81E+03
AM242M 2.62E+00
: AM243 8.29E+00
— CM244 3.60E+02
CM245 1.42E-01
. CM246 2.42E-02
1
- 1.32E+05

September 30, 1998

1x5x10'
DHLW (Cilcan)
7.61E+00 0.00E+00,
0.00E+00 0.00E+00
0.00E+00 3.31E-02
3,48E+05 3.58E+00
3.82E401 1.01E-01
4.81E+06 3,04E404
4.81E+06 3.08E+04)
1.79E+02 7.71E-01
1,20E+02 1.35E-01
0.00E+00 3.33E-05
1.33E+03 3.63E+00
0.00E+00 2.05E403
0.00E+00 2.05E+03
9.72E+00 1.24E-0
4.83E+01 2.39E-01
3.58E+00 2.09E-06
0.00E+00 2.42E+03
3.08E401 1.27E-01
6.47E+06 3.05E+04
6.47E+06 2.88E+04
0.00E+00, 1.25E+04
0.00E+00 1.25E+04
0.00E+00 2.12E+04
1.10E+05 3.09E+02
7.25E-06 0.00E+00)
3.026-05 0.00E+00
2.62E-02 1.07E-04
3.26E-02 5.80E-06,
7.79E-02 1.48E-05
5.39E-03 4.24E-06
2.76E-02 1.16E-04
5.71E-02 1.07E-03
3.02E+01 6.38E-04
2.90E+01 1.27E-0
3.27E+00 8.70E-05
2.73E+01 4.76E-04
2.56E+01 4.15E-03
3.52E+01 3.02E-0
3.41E+05 5.58E+02)
3.76E404 5.20E+00
5.61E+04 3.57E+00)
2.98E+06 6.80E+02
1.85E+02 5.52E-03
3.67E+05 8.20E+01
5.31E+02 2.60E-0
1.68E+03 4.05E-02
7.31E+04 3.92E+01
2.89E+01 6.44E-05
7.24E-06

4.91E+00

Total Ci DHLW
per package

0.00E+00
0.00E+00
1.66E-01
1.79E+01
5.05E-01
1.52E+05
1.54E+05
3.86E+00
6.77E-01
1.66E-04
1.82E+01
1.02E+04
1.02E+04
6.18E-02
1.20E+00
1.04E-05
1.21E+04
6.33E-01
. 1.52E+05
1.44E+05
6.27E+04
6.27E+04
1.06E+05
1.54E+03
0.00E+00
0.00E+00
5.36E-04
2.90E-05
7.41E-05
2,12E-05
5.79E-04
5.36E-03
3.19E-03
6.37E-02
4,35E-04
2,38E-03
2.08E-02
1.51E-01
2.79E+03
2.60E+01
1.78E+01
3.44E+03
2.76E-02
4.10E+02
1.30E-01
2.02E-01
1.96E+02
3.22E-04
3.62E-05

8.75E+05

Total Ci/pkg. =
Total Cilcategory =

Prepared by Lenny Storz 9/4/98

Total Ci (SNF  Total Ci

+ DHLW) Per Category

3.75E-02 7.61E+00
0.00E+00 0.00E+00
1.66E-01 3.36E+01
1.73E+03 3.52E+05
6.93E-01 1.41E+02
1.76E+05 3.57E+07
1.78E+05 3.60E+07
4.74E+00 9.62E+02
1.27E+00 2.58E+02
1.66E-04 3.38E-02
2.47E+01 5.01E+03
1.02E+04 2.08E+06
1.02E+04 2.08E+06
1.10E-01 2.23E+01
1.43E+00 2.91E+02
1.77E-02 3.59E+00
1.21E+04 2.45E+06
7.85E-01 1.89E+02
1.84E+05 3.74E+07
1.76E+05 3.57E+07
6.27E+04 1.27E+07
6.27E+04 1.27E+07
1.06E+05 2.15E+07
2.09E+03 4,24E+05
3.57E-08 7.25E-06
1.48E-07 3.02E-05
6.65E-04 1.35E-01
1.88E-04 3.84E-02
4 58E-04 9.30E-02
4.77E-05 9.69E-03
7.15E-04 1.45E-01
5.64E-03 1.15E+00
1.52E-01 3.08E+01
2.06E-01 4.19E+01
1.65E-02 3.36E+00
1.37E-01 2.78E+01
1.47E-01 2.98E+01
3.24E-01 6.58E+01
4.47E+03 9.07E+05
2.11E+02 4.28E+04
2.94E+02 5.97E+04
1.81E+04 3.68E+06
9.40E-01 1.91E+02
2.22E+03 4.50E+05
2.75E+00 5.57E+02
8.49E+00 1.72E+03
5.56E+02 1.13E+05
1.43E-01 2.90E+01
2.42E-02 4,92E+00
1.01E+06

2.04E+08
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3. System Characterization: Waste Package

Table 3-6. Total Curies (DOE SNF and DHLW) by Category (continued)

COMPLEX CUM TSPA Category
. SNF, not HLW 5
' packages

INEEL 167

SRS 425

Hanford 3

Total 595

SNF (Ci/pkg)

Isotopes

C1i4 1.65E-03
‘CL 36 6.08E-06
‘NI 69 1.19E-03

NI 63 - 1.46E-01

SE79 4.45E-02

SR80 - 1.22E+04

Y90 1.22E+04

ZR93 2.27€-01

NB 93M 2.11E-02

NB 94 1.30E-05

TC 99 1.50E+00

RU106

RH1086

PD107 2.32E-03

SN126 4.40E-02

1129 . 2.55E-03

CS134

- CS135 1.80E-02

CS137 1.30E+04

BA137TM 1.30E+04

CE144

PR144

PM147

SM151 5.42E+01

PB210 6.82E-09

RA226 - 2.60E-08

RA228 1.15E-05

AC227 1.40E-05

TH229 3.31E-05

TH230 3.82E-06

TH232 1.21E-05

PA231 2 49E-05

U233 1.26E-02

U234 1.48E-02

u23s 1.74E-02

U236 4.92E-02

U238 4.66E-02

NP237 2.83E-02

PU238 6.07E+01

PU238 1.83E+01

PU240 6.74E+00

PU241 - 6.60E+02

PU242 5.45E-03

AM241 1.06E+01

AM242M 2.15E-02

AM243 9.97E-03

CM244 4.16E-01

CM245 1.03€-04

CM246 1.65E-05

3-92

1x4x10'

DHLW (Cifean)  Total Ci DHLW
per package
0.00E+00
0.00E+00
1.33E-01
1.43E+01
4.04E-01
1.22E+05
1.23E+05
3.08E+00
5.42E-01
1.33E-04
1.45E+01
8.18E+03
8.19E+03
4.95E-02
9.57E-01
8.34E-06
9.66E+03
5.06E-01
1.22E+05
1.15E+05
5.02E+04
5.02E+04
8.49E+04
1.24E+03
0.00E+00
0.00E+00
4,29E-04
2.32E-05
5.92E-05
1.69E-05
4.63E-04
4,28E-03
2.55E-03
5.09E-02
3.48E-04
1.90E-03
1.66E-02
1.21E-01
2.23E+03
2.08E+01
1.43E+01
2.76E+03
2.21E-02
3.28E+02
1.04E-01
1.62E-01
1.57E+02
2.58E-04
2,90E-05

Total Cifpkg. =
Total Ci/category =

Prepared by Lenny Storz 9/4/98

Total Ci (SNF
+ DHLW)
1.65E-03
6.08E-06
1.34E-01
1.45E+01
4,48E-01
1.34E+05
1.35E+05
3.31E+00
5.63E-01
1.46E-04
1.60E+01
8,18E+03
8.19E+03
5.18E-02
1.00E+00
2.56E-03
9.66E+03
5.24E-01
1.35E+05
1.28E+05
5.02E+04
5.02E+04
8.49E+04
1.29E+03
6.82E-09
2.60E-08
4.40E-04
3.72E-05
9.24E-05
2,08E-05
4,75E-04
4.31E-03
1.52E-02
6.57E-02
1.77E-02
5.11E-02
6.32E-02
1.49E-01
2.29E+03
3.91E+01
2.10E+01
3.42E+03
2,75E-02
3.39E+02
1.26E-01
1.72E-01
1.57E+02
3.60E-04
4,54E-05

7.51E+05
4.47E+08

Total Ci
Per Category
9.80E-01
3.62E-03
7.96E+01
8.60E+03
2.67E+02
7.96E+07
8.05E+07
1.97E+03
3.35E+02
8.69E-02
9.54E+03
4.87E+06
4.88E+06
3.08E+01
5.96E+02
1.52E+00
5.75E+06
3.12E+02
8.02E+07
7.62E+07
2.99E+07
2.99E+07
5.05E+07
7.67E+05
4.06E-06
1.54E-05
2.62E-01
2.21E-02
5.50E-02 ‘
1.24E-02
2.83E-01
2,57E+00
9.04E+00
3.91E+01
1.05E+01
3.04E+01
3.76E+01
8.87E+01
1.36E+06
2.33E+04
1.25E+04
2.03E+06
1.64E+01
2.01E+05
7.47E+01
1.02E+02
9.36E+04
2.14E-01
2.70E-02
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Table 3-6. Total Curies (DOE SNF and DHLW) by Category (continued)

COMPLEX CUM TSPA Category

SNF, not HLW 6
packages

INEEL
SRS 750
Hanford
Total 750

SNF (Ci/pkg)

Isotopes

c14 1.52E-02
CL36 4,58E-04
NI §9 8,93E-02
NI 63 1.10E+01
SE79 4.78E-02
SR90 1.14E+04
Y90 . 1.14E+04
ZR93 2.47E-01
NB 93M 1.46E-02
NB 94 8.34E-04 -
TC 99 1.61E+00
RU106
RH106
PD107 1.87E-03
SN126 4,28E-02
1129 2.65E-03
CS134 .
CS135 1.72E-02
CS137 1.18E+04
BA137M 1.19E+04
CE144
PR144
PM147
SM151 4,49E+01
PB210 1.42E-12
RA226 3.64E-12
RA228 7.33E-10
AC227 1,71E-08
TH229 3.63E-10
TH230 1.37E-08
TH232 2,16E-09
PA231 5.09E-07
U233 2.44E-06
U234 1.35E-03
U235 1.43E-02
U236 5.41E-02
U238 1.52E-03
NP237 3.12E-02
PU238 6.70E+01
PU239 2.57E+00
PU240 1.30E+00
PU241 3.47E+02
PU242 1.46E-03
AM241 6.29E-01
AM242M 2.04E-03
AM243 5.91E-03
CM244 2.43E-01
CM245 1.24E-05
CM246 8.53E-07

September 30, 1998

1x5x15'

3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

DHLW (Cifcan)  Total Ci DHLW
. per package
0.00E+00 0.00E+00
0.00E+00 0.00E+00
3.31E-02 2.49E-01
3.58E+00, 2.68E+01
1.01€-01 7.57E-01
3.04E+04 . 2.28E+05
3.08E+04 2.31E+05
7.71E-01 5.78E+00
1.35E-01 1.02E+00
3.33E-05) 2.49E-04
3.63E+00 2.72E+01
2.05E+03 1.53E+04
2.05E+03 1.54E+04
1.24E-02 9.27E-02
1.79E+00
1.56E-05
1.81E+04
9.49E-01
2.28E+05
2.16E+05
9.41E+04
9.41E+04
1.59E+05
2.32E+03
0.00E+00
0.00E+00
8.04E-04
4.35E-05
1.11E-04
3.18E-05
8.69E-04
8.04E-03
4.78E-03
9.55E-02
6.52E-04
3.57E-03
3.11E-02
2.27E-01
4.18E+03
3.90E+01
2.68E+01
5.17E+03
4.14E-02
6.15E+02
1.95E-01
3.03E-01
2.94E+02
4.83E-04
5.43E-05
. 1.31E+06
Total Cifpkg. =
Total Ci/category =

Prepared by Lenny Storz 9/4/98

Total Ci (SNF
+DHLW)

1.52E-02
4.58E-04
3.38E-01
3.78E+01
8.05E-01
2.39E+05
2.42E+05
6.03E+00
1.03E+00
1.08E-03
2.88E+01
1.53E+04
1.54E+04
9.46E-02
1.84E+00
2.66E-03
1.81E+04
9.66E-01
2.40E+05
2.28E+05
9.41E+04
9.41E+04
1.59E+05
2.36E+03
1.42E-12
3.64E-12
8.04E-04
4.35E-05
1.11E-04
3.18E-05
8.69E-04
8.04E-03
4.79E-03
9.69E-02
1.50E-02
5.77E-02
3.27E-02
2.58E-01
4.25E+03
4.46E+01
2.81E+01
5.51E+03
4.29E-02
6.16E+02
1.97E-01
3.09E-01
2.95E+02
4.95E-04
5.52E-05

1.36E+06
1.02E+09

Total Ci
Per Category

1.14E+01
3.43E-01
2.53E+02
2.84E+04
6.04E+02
1.80E+08
1.82E+08
4.52E+03
7.73E+02
8.13E-01
2.16E+04
1.15E+07
1.15E+07
7.10E+01
1.38E+03
2.00E+00
1.36E+07
7.25E+02
1.80E+08
1.71E+08
7.06E+07
7.06E+07
1.19E+08
1.77E+06
1.07E-09
2.73E-09
6.03E-01
3.26E-02
8.33E-02
2.38E-02
6.51E-01
6.03E+00
3.59E+00
7.26E+01
1.12E+01
4.33E+01
2.45E+01
1.93E+02
3.19E+06
3.12E+04
2.11E+04
4,14E+06
3.22E+01
4.62E+05
1.48E+02
2.32E+02
2.21E+05
3.72E-01
4.14E-02
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3. System Characterization: Waste Package

Table 3-6.
COMPLEX CUM TSPA Category
SNF, not HLW 7’
packages

INEEL

SRS 225
Hanford

Total 225

SNF (Cilpkg)

Isotopes

c14 1.82E-01
CL 36 5.48E-03
NI 59 1.07E+00
NI 63 1.32E+02
SE78 2.81E-02
SR90 6.37E+03
Y30 6.37E+03
ZR93 1.69E-01
NB 93M 1.49E-02
NB 84 9.96E-03
TC 99 9.51E-01
RU106

RH106

PD107 1.33E-03
SN126 2.62E-02
1129 1.58E-03
CS134

CS135 6.41E-02
CS137 6.72E+03
BA137M 6.72E+03
CE144

PR144

PM147

SM151 4.81E+01
PB210 1.13E-12
RA226 3.04E-12
RA228 8.77E-09
AC227 1.17E-07
TH229 2.39E-09
TH230 5.51E-09
TH232 2.59E-08
PA231 1.88E-06
U233 1.24E-05
U234 3.24E-04
U235 2.05E-02
U236 2.78E-02
U238 1.55E-02
NP237 4.08E-03
PU238 5.65E+00
PU239 1.10E+01
PU240 4.26E+00
PU241 2.73E+02
PU242 5.33E-04
AM241 4.26E-01
AM242M 2.95E-03
AM243 6.07E-04
CM244 1.71E-02
CM245 6.98E-07
CM246 4.67E-08

3-94

1x5x15"

DHLW (Cifcan)  Total Ci DHLW
per package
0.00E+00 0.00E+00
0.00E+00 0.00E+00
3.31E-02 2.49E-01
3.58E+00 2.68E+01
1.01E-01 7.57E-01
3.04E+04 2.28E+05
3.08E+04 2.31E+05
7.71E-01 5.78E+00
1.35E-01 1.02E+00
3.33E-05 2.49E-04
3.63E+00 2.72E+01
2.05E+03 1.53E+04
2.05E+03 1.54E+04
1.24E-02 9.27E-02
2.39E-01 1.79E+00
2.09E-06 1.56E-05
2.42E+03] 1.81E+04
1.27E-01 9.49E-01
3.05E+04 2.28E+05
2.88E+04] 2.16E+05
1.25E+04 9.41E+04
1.25E+04] 9.41E+04
2, 12E+04] 1.59E+05
3.09E+0; 2.32E+03
0.00E+00] 0.00E+00
0.00E+00, 0.00E+00
1.07E-04 8.04E-04
5.80E-06 4.35E-05
1.48E-05 1.11E-04
4.24E-08 3.18E-05
1.16E-04 8.69E-04
1.07E-03 8.04E-03
6.38E-04 4.78E-03
1.27E-02 9.55E-02
8.70E-05) 6.52E-04
4.76E-04 3.57E-03
4.15E-03 3.11E-02
3.02E-02 2.27E-01
5.58E+02] 4.18E+03
5.20E+00 3.90E+01
3.57E+00 i 2.68E+01
6.89E+0; 5.17E+03
5.52E-03 4.14E-02
8.20E+01 6.15E+02
2.60E-02 1.95E-01
4,05E-02] 3.03E-01
3.92E+01 2.94E+02
6.44E-05 4.83E-04
7.24E-06 5.43E-05
Total Ci/pkg. =

Total Ci/category =

Prepared by Lenny Storz 9/4/98

Total Ci (SNF  Total Ci

+ DHLW) Per Category
1.82E-01 4,09E+01
5.48E-03 1.23E+00

1.32E+00 2.97E+02
1.58E+02 3.56E+04
7.85E-01 1.77E+02
2.34E+05 5.27E+07
2.37E+05 5.34E+07
5.95E+00 1.34E+03 -
1.03E+00 2.32E+02
1.02E-02 2.30E+00
2.82E+01 6.34E+03
1.53E+04 3.45E+06
1.54E+04 3.46E+06
9.41E-02 2.12E+01
1.82E+00 4.10E+02
1.60E-03 3.59E-01
1.81E+04 4.08E+06
1.01E+00 2.28E+02
2.35E+05 5.29E+07
2.23E+05 5.01E+07
9.41E+04 2.12E+07
9.41E+04 2.12E+07
1.59E+05 3.58E+07
2.37E+03 5.32E+05
1.13E-12 2.54E-10
3.04E-12 . 6.84E-10
8.04E-04 1.81E-01
4.36E-05 9.81E-03
1.11E-04 2.50E-02
3.18E-05 7.15E-03
8.69E-04 1.95E-01
8.04E-03 1.81E+00
4.80E-03 1.08E+00
9.58E-02 2.16E+01
2.12E-02 4.76E+00
3.14E-02 7.06E+00
4.66E-02 1.05E+01
2,31E-01 5.19E+01
4.19E+03 9.43E+05
5.00E+01 1.12E+04
3.10E+01 - 6.98E+03
5.44E+03 1.22E+06
4,20E-02 9.44E+00
6.15E+02 1.38E+05
1.98E-01 4,45E+01
3.04E-01 6.84E+01
2.94E+02 6.62E+04
4.84E-04 1.09E-01
5.43E-05 1.22E-02
1.34E+06
3.01E+08

Total Curies (DOE SNF and DHLW) by Category (continued)
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3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

Table 3-6. Total Curies (DOE SNF and DHLW) by Category (continued)

COMPLEX CUM TSPA Category

SNF, not HLW 8
packages

INEEL 545
SRS

Hanford

Total 545

SNF (Ci/pkg)

Isotopes

C14 1.99E-01
CL36 2.49E-03
NI 59 1.59E-02
NI 63 3.82E-01
SE79 2.71E-02
SR90 2,08E+03
Y90 2.08E+03
ZR93 9.90E-01
NB 93M 8.52E-03
NB 84 0.00E+00
TC 99 6.83E-01
RU106

RH106

PD107 8.03E-04
SN126 1.28E-02
1129 1.91E-03
CS134

CS135 1.59E-02
CS8137 2.21E+03
BA137M 2.21E+03
CE144

PR144

PM147

SM151 4,15E+01
PB210 4,22E-06
RA226 4,48E-06
RA228 6.04E-03
AC227 0.00E+00
TH229 2,56E-02
TH230 1.75E-03
TH232 4,68E-03
PA231 1.71E-02
U233 6.35E+00
U234 5.16E-01
U235 1.99E-03
U236 1.96E-02
‘U238 4,.94E-05
NP237 1.50E-02
PU238 7.49E+01
PU239 2,07E-01
PU240 3.49E-01
PU241 0.00E+00
PU242 0.00E+00
AM241 3.42E+00
AM242M 9,27E-04
AM243 2.45E-02
CM244 7.68E-01
CM245 1.28E-04
CM246 6.40E-05

September 30, 1998

1x5x15'

DHLW (Ci/can)

0.00E+00
0.00E+00,
3.31E-02
3.58E+00
1.01E-01
3.04E+04
3.08E+04
7.71E-01
1.35E-01
3.33E-05,
3.63E+00
2.05E+03
2.05E+403
1.24E-02

Total Ci DHLW
per package
0.00E+00
0.00E+00
2.49E-01
2.68E+01
7.57E-01
2.28E+405
2.31E+05
5.78E+00
1.02E+00
2.49E-04
2.72E+01
1.53E+04
1.54E+04
9.27E-02
1.79E+00
1.56E-05
1.81E+04
9.49E-01
2.28E+05
2.16E+05
9.41E+04
9.41E+04
1.59E+05
2.32E+03
0.00E+00
0.00E+00
8.04E-04
4.35E-05
1.11E-04
3.18E-05
8.69E-04
8.04E-03
4.78E-03
9.55E-02
6.52E-04
3.57E-03
3.11E-02
2.27E-01
4.18E+03
3.90E+01
2.68E+01
5.17E+03
4.14E-02
6.15E+02
1.95E-01
3.03E-01
2.94E+02
4.83E-04
5.43E-05

Total Cipkg. =
Total Ci/category =

Prepared by Lenny Storz 9/4/98

Total Ci (SNF  Total Ci

+ DHLW)
1.99E-01
2.49E-03
2.64E-01

2.72E+01
7.84E-01
2.30E+05
2.33E+05
6.77E+00
1.02E+00
2.49E-04
2.79E+01
1.53E+04
1.54E+04
9.35E-02
1.81E+00
1.92E-03
1.81E+04
9.65E-01
2.31E+05
2.18E+05
9.41E+04
9.41E+04
1.59E+05
2.36E+03
4.22E-05
4.48E-06
6.84E-03
435E-05
2.57E-02
1.78E-03
5.54E-03
2.52E-02
6.35E+00
6.12E-01
2.64E-03
2.32E-02
3.12E-02
2.42E-01
4.26E+03
3.92E+01
2.71E+01
5.47E+03
414E-02
6.18E+02
1.96E-01
3.28E-01
2.95E+02
6.12E-04
1.18E-04

1.32E+06
7.20E+08

Per Category
1.08E+02
1.36E+00
1.44E+02
1.48E+04
4.27E+02

1.25E+08

1.27E+08
3.69E+03
5.58E+02
1.36E-01
1.52E+04
8.36E+06
8.37E+06
5.10E+01
9.85E+02
1.05E+00
9.88E+06
5.26E+02
1.26E+08
1.19E+08
§.13E+07
5.13E+07
8.68E+07
1.29E+06
2.30E-03
2.44E-03
3.73E+00
2.37E-02
1.40E+01
9.72E-01
3.02E+00
1.37E+01
3.46E+03
3.33E+02
1.44E+00
1.26E+01
1.70E+01
1.32E+02
2.32E+06
2.14E+04
1.48E+04
2.82E+06
2.26E+01
3.37E+05
1.07E+02
1.79E+02
1.61E+05
3.33E-01
6.45E-02
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3. System Characterization: Waste Package

. COMPLEX CUM TSPA Category
SNF, not HLW 9
packages

INEEL 103
SRS

Hanford

Total 103

SNF (Cifpka)

Isotopes

C14 2.18E-02
CL36 6.17E-04
NI 59 8.49E-04
NI 63 8.76E-02
SE79 7.83E-03
SR90 1.03E+03
YS0 1.03E+03
ZR93 3.72E-02
NB g3M 2.68E-02
NB 94 2.86E-04
TC 99 - 2.36E-01
RU106

RH106

PD107 2.77E-04
SN126 7.23E-03
1129 4.26E-04
CS134

CS135 1.53E-02
CS137 1.09E+03
BA137TM 1.08E+03
CE144

PR144

PM147
SM154 1.48E+01
PB210 1.51E-07
RA226 5.44E-07
RA228 1.38E-03
AC227 1.65E-03
TH228 3.99E-03
TH230 7.68E-05
TH232 1.46E-03
PA231 2.80E-03
U233 1.52E+00
U234 2.53E-01
U235 3.93E-03
U236 9.93E-03
U238 4.11E-05
NP237 4.28E-03
PU238 1.07E+01
PU239 2.39E-01
PU240 1.87E-01
PU241 1.75E+01
PU242 2.46E-04
AM241 1.54E+00
AM242M 7.91E-04
AM243 7.67E-04
CM244 2.01E-02
CM245 2.33E-08
CM246 - 7.55E-08

3-96

1x5x15'

DHLW (Ci/can)  Total Ci DHLW

per package
0.00E+00 0.00E+00
0.00E+00 0.00E+00
3.31E-02] 2.49E-01
3.58E+00) 2.68E+01
1.01E-01 7.57E-01
3.04E+ 2.28E+05
3.08E+04| 2.31E+05
7.71E-01 5.78E+00
1.35E-01 1.02E+00
3.33E-05 2,49E-04
3.63E+00 2.72E+01
2,05E+03 1.53E+04
2.05E+03 1.54E+04
1.24E-02 9.27E-02
2.39E-01 1.79E+00
2.09E-06 1.56E-05
2.42E+03) 1.81E+04
1.27E-01 9.49E-01
3.05E+04 2.28E+05
2.88E+04] 2.16E+05
1.25E+04 9.41E+04
1.25E+04 9.41E+04
2.12E+04 1.59E+05
3.09E+02 2.32E+03
0.00E+00) 0.00E+00
0.00E+00)] 0.00E+00
1.07E-04 8.04E-04
5.80E-06 4.35E-05
1.48E-05) 1.11E-04
4.24E-06) 3.18E-05
1.16E-04] 8.69E-04
1.07E-03 8.04E-03
6.38E-04 4.78E-03
1.27E-02 9.55E-02
8.70E-05 : 6.52E-04
4.76E-04) 3.57E-03
4.,15E-03 3.11E-02
3.02E-02 2.27€E-01
5.58E+02! 4.18E+03
5.20E+00 3.90E+01
3.57E+00 2.68E+01
6.89E+02] 5.17E+03
5.52E-03 4.14E-02
8.20E+01 6.15E+02
2.60E-0; 1.95E-01
4.05E-02, 3.03E-01
3.92E+01 2.84E+02
6.44E-05 4.83E-04
7.24E-06 5.43E-05
Total Ci/pkg. =

Total Ci/category =

‘Prepared by Lenny Storz 9/4/88

Table 3-6. Total Curies (DOE SNF and DHLW) by Category (continued)

Total Ci (SNF  Total Ci

+DHLW)
2.18E-02
6.17E-04
2.49E-01
2.69E+01
7.65E-01
2.29E+05
2.32E+05
5.82E+00
1.04E+00
5.35E-04
2.75E+01
1.53E+04
1.54E+04
9.30E-02
1.80E+00
4.42E-04
1.81E+04
9.65E-01
2.30E+05
2.17E+05
9.41E+04
9.41E+04
1.59E+05
2.33E+03
1.51E-07
5.44E-07
2.19E-03
1.69E-03
4.10E-03
1.09E-04
2.33E-03
1.08E-02
1.53E+00
3.48E-01
4.59E-03
1.35€-02
3.12E-02
2.31E-01
4.20E+03
3.93E+01
2.70E+01
5.18E+03
4.17E-02
6.17E+02
1.96E-01
3.04E-01
2.94E+02
4.86E-04
5.44E-05

1.32E+06
1.36E+08

Per Category

2.24E+00
6.35E-02
2.57E+01
2.77E+03
7.88E+01
2.36E+07
2.39E+07
5.95E+02
1.07E+02
5.51E-02
2.83E+03
1.58E+08
1.58E+406
9.58E+00
1.86E+02
4.55E-02
1.87E+06
9.93E+01
2.36E+07
2.23E+07
9.69E+06
9.69E+06
1.64E+07
2.40E+05
1.56E-05
5.60E-05
2,26E-01
1.74E-01
4,22E-01
1.12E-02
2,40E-01
1.12E+00
1.57E+02
3.59E+01
4,72E-01
1.39E+00
3.21E+00
2.38E+01
4.32E+05
4,04E+03
2.78E+03
5.34E+05
4,29E+00
6.35E+04
2.02E+01
3.13E+01
3.03E+04
5.00E-02
5.60E-03
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Table 3-6. Total Curies (DOE SNF and DHLW) by Category (continued)

COMPLEX CUM TSPA Category

SNF, not HLW 10
packages

INEEL 4
SRS

Hanford 1
Total 5

SNF (Ci/pkg)

Isotopes

Cc14 0.00E+00
CL 36 0.00E+00
NI 58 0.00E+00
NI 63 1.47E+01
SE79 0.00E+00
SRS0 2,13E+03
Ys0 2.13E+03
ZR93 0.00E+00
NB 93M 0.00E+00
NB 94 0.00E+00
TC 99 0.00E+00
RU106
RH106
PD107 0.00E+00
SN126 0.00E+00
1129 0.,00E+00
CS134
CS135 0.00E+00
CS137 6.11E+03
BA137M 6.11E+03
CE144
PR144
PM147
SM151 4.04E+02
PB210 0.00E+00
RA226 6.69E-09
RA228 1.39E-12
AC227 1.45E-09
TH229 1.70E-10
TH230 - 1.47E-06
TH232 2.31E-12
PA231 5,53E-09
U233 3.14E-07
uz34 1.01E-02
U235 1.69E-05
U236 3.01E-03
U238 3.14E-14
NP237 5.39E-03
PU238 1.02E+02
PU239 5,53E+02
PU240 4,78E+02
PU241 4.00E+03
PU242 1.28E-05
AM241 6.97E+02
AM242M 1.21E+00
AM243 0.00E+00
CM244 0.00E+00
CM245 0,00E+00
CM248 0.00E+00

September 30, 1998

1x4x18'

3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

DHLW (Cifcan)

Total Ci DHLW
per package
0.00E+00
0.00E+00
1.99E-01
2.15E+01
6.06E-01
1.82E+05
1.85E+05
4.63E+00
8.13E-01
2.00E-04
2.18E+01
1.23E+04
1.23E+04
7.42E-02
1.44E+00
1.25E-05
1.45E+04
7.59E-01
1.83E+05
1.73E+05
7.53E+04
7.53E+04
1.27E+05
1.85E+03
0.00E+00
0.00E+00
6.43E-04
3.48E-05
8.89E-05
2.54E-05
6.95E-04
6.43E-03
3.83E-03
7.64E-02
5.22E-04
2.86E-03
2.49E-02
1.81E-01
3.35E+03
3.12E+01
2.14E+01
4.13E+03
3.31E-02
4.92E+02
1.56E-01
2.43E-01
2.35E+02
3.87E-04
4.34E-05

Total Cifpkg. =
Total Cifcategory =

Prepared by Lenny Storz 9/4/98

Total Ci (SNF  Total Ci

+ DHLW) Per Category
0.00E+00 0.00E+00
0.00E+00 0.00E+00

1.99E-01 9.94E-01
3.62E+01 1.81E+02
6.06E-01 3.03E+00
1.85E+05 9.23E+05
1.87E+05 9.34E+05
4.63E+00 2.31E+01
8.13E-01 4.06E+00
2.00E-04 9.98E-04
2.18E+01 1.09E+02
1.23E+04 6.14E+04
1.23E+04 6.15E+04
7.42E-02 3.71E-01
1.44E+00 7.18E+00
1.25E-05 6.26E-05
1.45E+04 7.25E+04
7.59E-01 3.80E+00
1.89E+05 9.44E+05
1.79E+05 8.94E+05
7.53E+04 3.76E+05
7.53E+04 3.76E+05
1.27E405 6.37E+05
2.26E+03 1.13E+04
0.00E+00 0.00E+00
6.69E-09 3.34E-08
6.43E-04 3.22E-03
3.48E-05 1.74E-04
8.89E-05 4.44E-04
2.69E-05 1.34E-04
6.95E-04 3.47E-03
6.43E-03 3.22E-02
3.83E-03 1.91E-02
8.65E-02 4.33E-01
5.39E-04 2.68E-03
5.86E-03 2.93E-02
2.49E-02 1.25E-01
1.87E-01 _ 9.33E-01
3.45E+03 1.72E+04
§5.84E+02 2.92E+03
4.99E+02 2.50E+03
8.13E+03 4.07E+04
3.31E-02 1.66E-01
1.19E+03 5.94E+03
1.37E+00 6.83E+00
2.43E-01 1.21E+00
2.35E+02 1.18E+03
3.87E-04 1.93E-03
4.34E-05 2.17E-04
1.07E+06
5.36E+06

Page 10

397




3. System Characterization: Waste Package

Table 3-6. Total Curies (DOE SNF and DHLW) by Category (continued)

COMPLEX CUM TSPA Category
SNF, not HLW 11
packages
INEEL 25 .
SRS
Hanford 327
Total 352
SNF (Ci/pkg)
Isotopes
c14 6.75E-04
CL36 1.26E-05
NI 59 2.45E-03
NI 63 1.04E+01
. SE79 1.50E-03
SR90 1.61E+03
Ys0 1.61E+03
ZR93 7.03E-03
NB 93M 5.09E-03
NB g4 2.28E-05
TC 99 5.22E-02
RU106
RH106
PD107 4.12E-04
SN126 1.95E-03
1129 1.46E-04
CsS134
CS135 1.38E-03
CS137 4,39E+03
BA137M 4.39E+03
CE144
PR144
PM147
SM151 2.81E+02
PB210 1.24E-10
RA226 5.18E-09
RA228 2.21E-11
AC227 1.44E-08
TH229 7.58E-10
TH230 1.14E-06
TH232 6.23E-11
PA231 5.51E-08
U233 5.33E-07
U234 7.80E-03
U235 1.24E-04
u23s 3.06E-03
U238 1.11E-03
NP237 5.05E-03
PU238 7.82E+01
PU239 3.80E+02
PU240 3.20E+02
PU241 2.86E+03
PU242 7.95E-03
AM241 4.90E+02
AM242M 8.51E-01
AM243 7.22E-02
CM244 3.03E+00
CM245 1.24E-03
CM246 2.11E-04
3-98

1x4x15'

DHLW (CV/can)

Total Ci DHLW
per package
0.00E+00
0.00E+00
1.99E-01
2.15E+01
6.06E-01
1.82E+05
1.85E+05
4.63E+00
8.13E-01
2,00E-04
2.18E+01
1.23E+04
1.23E404
7.42E-02
1.44E+00
1.25E-05
1.45E+04
7.59E-01
1.83E+05
1.73E+05
7.53E+04
7.53E+04
1.27E+05
1.85E+03
0.00E+00
0.00E+00
6.43E-04
3.48E-05
8.89E-05
2.54E-05
6.95E-04
6.43E-03
3.83E-03
7.64E-02
5.22E-04
2.86E-03
2.49E-02
1.81E-01
3.35E+03
3.12E+01
2.14E+01
4.13E+03
3.31E-02
4.92E+02
1.56E-01
2.43E-01
2.35E+02
3.87E-04
4.34E-05

Total Cifpkg. =
Total Ci/category =

Prepared by Lem'1y Storz 9/4/98

Total Ci (SNF  Total Gi .

+ DHLW)
6.75E-04
1.26E-05
2.01E-01

3.19E+01
6.07E-01
1.84E+05
1.86E+05
4.63E+00
8.18E-01
2.22E-04
2.18E+01
1.23E+04
1.23E+04
7.46E-02
1.44E+00
1.58E-04
1.45E+04
7.61E-01
1.87E+05
1.77E+05
7.53E+04
7.53E+04
1.27E+05
2.13E+03
1.24E-10
5.18E-09
6.43E-04
3.48E-05
8.89E-05
2.66E-05
6.95E-04
6.43E-03
3.83E-03
8.42E-02
6.46E-04
5.91E-03
2.60E-02
1.86E-01
3.43E+03
4.11E+02
3.51E+02
6.99E+03
4.11E-02
9.82E+02
1.01E300
3.15E-01
2.38E+02
1.63E-03
2.54E-04

1.07E+06
3.75E+08

Per Category
2.38E-01
4.42E-03

7.08E+01
1.12E+04
2.14E+02
6.48E+07
6.56E+07
1.63E+03
2,.88E+02 -
7.83E-02
7.69E+03
4.32E+06
4.33E+06
2.63E+01
5.06E+02
5.58E-02
5.10E+06
2.68E+02 .
6.59E+07
6.23E+07
2.65E+07
2.65E+07
4.48E+07
7.51E+05
4.37E-08
1.82E-06
2.26E-01
1.22E-02
3.13E-02
9.35E-03
2.45E-01
2.26E+00
1.35E+00
2.96E+01
2.27E-01
2.08E+00
9.16E+00
6.56E+01
1.21E+06
1.45E+05
1.23E+05
2.46E+06
1.45E+01
3.46E+05
3.55E+02
1.11E+02
8.39E+04
5.73E-01
8.95E-02
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3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

Table 3-6. Total Curies (DOE SNF and DHLW) by Category (continued)

COMPLEX CUM TSPA Category

SNF, not HLW ' 12
packages

INEEL 69
SRS

Hanford

Total 69

SNF (Ci/pkg)

Isotopes

C14 6.87E-01
CL36 1.53E-02
NI 59 5.26E-02
Ni 63 6.41E+00
SE79 2.53E-01
SRs0 2.63E+03
YS90 2.63E+03
ZR83 5.91E-01
NB 93M 3.17-01
NB 94 1.60E-02
TC 99 2.35E+00
RU106

RH106
PD107 2.47E-03
SN126 2.84E-01
1128 1.14E-02
CS8134
CS135 2.07E-01
Cs137 2.56E+03
BA137M 2.56E+03
CE144
PR144
PM147
SM151 9.32E+01
PB210 8.08E-05
RA226 4,63E-05
RA228 7.30E-02
AC227 4.41E-01
TH229 1.87E-01
TH230 7.07E-03
TH232 8.66E-02
PA231 1.11E+00
U233 1.21E+02
U234 6.04E+00
U235 4.06E-04
U236 8.35E-04
U238 1.32E-05
NP237 7.28E-04
PU238 2.84E+00
PU239 1.84E-01
PU240 1.05E-01
PU241 2.50E+01
PU242 2,35E-04
AM241 8.57E-01
AM242M 8.99E-03
AM243 1.71E-03
CM244 1.65E-01
CM245 3.41E-05
CM246 2,25E-06

September 30, 1998

1x3x15'

DHLW (Cifcan)  Total Ci DHLW Total Ci (SNF  Total Ci
per package + DHLW) Per Category
0.00E+00 6.87E-01 4.7T4E+01
0.00E+00 1.53E-02 1.06E+00
1.49E-01 2.02E-01 1.39E+01
1.61E+01 2.25E+01 1.55E+03
4.54E-01 7.07E-01 4.88E+01
1.37E+05 1.3%E+05 9.62E+06
1.39E405 1.41E+05 9.74E+06
3.47E+00 4.06E+00 2.80E+02
6.09E-01 9.26E-01 6.39E+01
1.50E-04 1.61E-02 1.11E+00
1.63E+01 1.87E+01 1.29E+03
9.21E+03 S.21E+03 6.35E+05 -
9.22E+03 9.22E+03 6.36E+05
5.56E-02 5.81E-02 4.01E+00
1.08E+00 1.36E+00 9.39E+01
9.39E-06 1.14E-02 7.86E-01
1.09E+04 1.09E+04 7.50E+05
5.70E-01 7.76E-01 5.36E+01
1.37E+05 1.40E+05 9.63E+06
1.30E+05 1.32E+05 9.11E+06
5.65E+04 5.65E+04 3.90E+06
5.65E+04 5.65E+04 3.90E+06
9.55E+04 9.55E+04 6.59E+06
1.38E+03 1.48E+03 1.02E+05
0.00E+00 8.08E-05 5.57E-03
0.00E+00 4.63E-05 3.20E-03
4.82E-04 7.34E-02 5.07E+00
2.61E-05 4.41E-01 3.05E+01
6.67E-05 1.87E-01 1.29E+01
1.91E-05 7.09E-03 4.89E-01
5.21E-04 8.72E-02 6.01E+00
4.82E-03 1.12E+00 7.71E+01
2.87E-03 1.21E+02 8.38E+03
5.73E-02 6.10E+00 4.21E+02
3.91E-04 7.98E-04 5.50E-02
2.14E-03 2.98E-03 2.05E-01
1.87E-02 1.87E-02 1.29E+00
1.36E-01 1.37E-01 9.43E+00
2.51E+03 2.51E+03 1.73E+05
2.34E+01 2.36E+01 1.63E+03
1.61E+01 1.62E+01 1.12E+03
3.10E+03 3.13E+03 2.16E+05
2.49E-02 2.51E-02 1.73E+00
3.69E+02 3.70E+02 2.55E+04
1.17€-01 1.26E-01 8.6SE+00
1.82E-01 1.84E-01 1.27E+01
1.77E+02 1.77E+02 1.22E+04
2.80E-04 3.24E-04 2,24E-02
3.26E-05 3.48E-05 2.40E-03
Total Cipkg. = 7.98E+05
Total Cifcategory = 5.51E+07

Prepared by Lenny Storz 9/4/98
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3. System Characterization: Waste Package

Table 3-6. Total Curies (DOE SNF and DHLW) by Category (continued)

COMPLEX CUM TSPA Category
SNF, not HLW 13
packages

INEEL 99

SRS

Hanford 3

Total 102
SNF (Cipka)

Isotopes .

Cc14 8.31E-02
CL36 2.50E-03
NI 59 4.86E-01
NI 63 6.00E+01
SE79 1.26E-02
SR90 2.84E+03
Y90 2.84E+03
ZR93- 7.59E-02
NB 93M 6.90E-03
NB 94 4,53E-03
TC 99 4,24E-01
RU106
RH1086
PD107 5.84E-04
SN126 1.17E-02
1128 7.06E-04
CS134
CS135 3.14E-02
Cs137 2.99E+03
BA137TM 2.99E+03
CE144
PR144
PM147
SM151 2.34E+01
PB210 1.32E-12
RA226 2.20E-12
RA228 3.43E-09
AC227 5.51E-08
TH229 1.12E-09
TH230 3.74E-09
TH232 1.01E-08
PA231 8.80E-07
U233 5.49E-06
U234 2.04E-04
U235 . 9.64E-03
U238 1.29E-02
U238 5.67E-03
NP237 1.87E-03
PU238 2.06E+00
PU233 4.45E+00
PU240 1.73E+00
PU241 1.28E+02
PU242 2.39E-04
AM241 1.98E-01
AM242M 2.19E-03
AM243 2.42E-04
CM244 6.56E-03
CM245 1.34E-07
CM246 3.75E-09

3-100

1x5x10'

DHLW (Gi/can)

Total Ci DHLW
per package
0.00E+00
0.00E+00
1.66E-01
1.79E+01
5.05E-01
1.52E+05
1.54E+05
3.86E+00
6.77E-01
1.66E-04
1.82E+01
1.02E+04
1.02E+04
6.18E-02
1.20E+00
1.04E-05
1.21E+04
6.33E-01
1.52E+05
1.44E+05
6.27E+04
6.27E+04
1.06E+05
1.54E+03
0.00E+00
0.00E+00
5.36E-04
2.90E-05
7.41E-05
2.12E-05
5.79E-04
5.36E-03
3.19E-03
6.37E-02
4,35E-04
2.38E-03
2.08E-02
1.51E-01
2.79E+03
2.60E+01
1.78E+01
3.44E+03
2.76E-02
4,10E+02
1.30E-01
2.02E-01
1.86E+02
3.22E-04
3.62E-05

Total Ci/pkg. = .
Total Ci/category =

Prepared by Lenny Storz 9/4/98

Total Ci (SNF
+ DHLW)
8.31E-02
2.50E-03
6.52E-01
7.79E+01
8.17E-01
1.55E+05
1.57E+05
3.93E+00
6.84E-01
4.70E-03
1.86E+01
1.02E+04
1.02E+04
6.24E-02
1.21E+00
7.17E-04
1.21E+04
6.64E-01
1.55E+05
1.47E+05
6.27E+04
6.27E+04
1.06E+05
1.57E+03
1.32E-12
2.20E-12
5.36E-04
2.91E-05
7.41E-05
2.12E-05
5.79E-04
5.36E-03
3.20E-03
6.39E-02
1.01E-02
1.53E-02
2.64E-02
1.53E-01
2.79E+03
3.05E+01
1.96E+01
3.57E+03
2.79E-02
4,10E+02
1.32E-01
2.03E-01
1.96E+02
3.22E-04
3.62E-05

8.87E+05
9.04E+07

Total Ci
Per Category

8.47E+00
2.55E-01
6.65E+01
7.95E+03
5.28E+01
1.58E+07
1.60E+07
4.01E+02
6.98E+01
4.79E-01
1.90E+03
1.04E+06
1.04E+056
6.37E+00
1.23E+02
7.31E-02
1.23E+06
6.77E+01
1.58E+07
1.50E+07
6.40E+08
6.40E+06
1.08E+07
1.60E+05
1.35E-10
2.25E-10
5.47E-02
2.96E-03
7.55E-03
2.16E-03
5.91E-02
5.47E-01
3.26E-01
6.52E+00
1.03E+00
1.56E+00
2.70E+00
1.56E+01
2.85E+05
3.11E+03
2.00E+03
3.64E+05
2.84E+00
4,18E+04
1.35E+01
2.07E+01
2.00E+04
3.29E-02
3.69E-03
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3.7 Modeling Parameters for Waste Package Corrosion and Source Term Models

L ) Table 3-6. Total Curies (DOE SNF and DHLW) by Category (continued)

i Commercial SN TSPA Category

v September 30, 1998

' PWR 14
4820 packages
.
SNF (Cifpkg)
o Isotopes Ci/package
i C14 1.23E+01
CL36 1.03E-01
NI 59 2.49E+01
f NI 63 3.57E+03
SE79 4.38E+00
SR80 4.75E+05
Ys0 4.75E+05
[ ZR93 2.24E+01
: NB 93M 1.43E+01
[ NB 94 1.12E+01
TC 99 1.38E+02
. RU106
¢ RH106
i PD107 1,23E+00
T SN128 8.41E+00
o 29 3.39E-01
i CS134
: CS135 4.96E+00
b Cs137 6.93E+05
BA137TM 6.93E+05
: CE144 .
- PR144
PM147
SM151 3.75E+03
" PB210 2.42E-06
RA226 1.17E-05
RA228 1.83E-09
AC227 1.26E-04
TH229 3.07E-06
, TH230 2.36E-03
| TH232 3.00E-09
B PA234 2.88E-04
U233 5.33E-04
] U234 1.23E+01
7o U235 1.63E-01
U238 2.72E+00
U238 2.81E+00
\ NP237 4.39E+00
‘ PU238 3.41E+04
PU239 3.54E+03
PU240 5.19E+03
. PU241 5.25E405
' PU242 1.91E+01
i AM241 2.95E+04
AM242M 2.10E+02
AM243 2.42E+02
CM244 1.70E+04
! CM245 3.49E+00
- CM246 7.36E-01
/ 2.96E+06

Ci/Category

5.93E+04
4.96E+02
1.20E+05
1.72E+07
2.11E+04
2.29E+08
2.28E+08
1.08E+05
6.89E+04
5.40E+04.
6.65E+05
0.00E+00
0.00E+00
5.93E+03
4.05E+04
1.63E+03
0.00E+00
2.39E+04
3,34E+09
3.34E+09
0.00E+00
0.00E+00
0.00E+00
1.81E+07
1.17E-02
5.64E-02
8.82E-06
6.07E-01
1.48E-02
1.14E+01
1.45E-05
1.39E+00
2.57E+00
5.93E+04
7.86E+02
1.31E+04
1.35E+04
2.12E+04
1.64E+08
1.71E+07
2.50E+07
2.53E+09
9.21E+04
1.42E+08
1.01E+06
1.17E+06
8.19E+07
1.68E+04
3.55E+03

1.43E+10
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3. System Characterization: Waste Package

Table 3-6. Total Curies (DOE SNF and DHLW) by Category (continued)

Commercial SN TSPA Category
BWR 15
2859 packages
SNF (Cifpkg) °

Isotopes Ci/package CilCategory

c14 1.17E+01 3.35E+04
CL36 8.55E-02 2.44E+02
NI 59 1.37E401 3.92E+04
NI 63 1.86E+03 5.32E+06 ,
SE79 3.06E+00 8.75E+03 !
SRe0 3.27E+05 9.35E+08 -
Y30 3.27E+05 9.35E+08
ZR93 1.85E+01 5.29E+04
NB 93M 1.19E+01 3.40E+04
NB 94 7.29E-01 2.08E+03
TC 99 9.87E+01 2.82E+05
RU106 0.00E+00
RH106 0.00E+00
PD107 8.96E-01 2.56E+03
SN126 5.90E+00 1.69E+04 ’
1128 2.41E-01 6.89E+02
CS134 0.00E+00 :
CS135 3.82E+00 1.09E+04 ;
CS137 4.86E+05 1.39E+09 )
BA137M 4.86E+05 1,39E409 . .
CE144 0.00E+00 ’
PR144 0.00E+00
PM147 0.00E+00
SM151 2.70E+03 7.72E+06
PB210 1.86F-06 5.32E-03
RA226 8.92E-06 2.55E-02
RA228 1.29E-09 3.69E-06
AC227 9.44E-05 2.70E-01
TH229 1.94E-06 5.55E-03
TH230 1.77E-03 5.06E+00
TH232 2.10E-09 6.00E-06
PA231 2.17E-04 6.20E-01
U233 3.24E-04 9.26E-01
U234 9.01E+00 2.58E+04
u23s 1.25E-01 3.57E+02
U236 1.88E+00 5.37E+03
U238 2.48E+00 7.09E+03
NP237 2.70E+00 7.72E+03
PU238 2.11E+04 6.03E+07
PU239 2.45E+03 7.00E+06 \"
PU240 3.66E+03 1.05E+07
PU241 4.08E+05 1.47E+08
PU242 1.50E+01 4.29E+04
AM241 2.30E+04 6.58E+07
AM242M 1.80E+02 5.15E+05
AM243 1.78E+02 5.09E+05
CM244 1.13E+04 3.23E+07 ‘
cM245 2.08E+00 5.95E+03
CM246 4.068E-01 4.16E+03
Totak . 2.10E+06 6.01E+09

Prepared by Lenny Storz 9/4/98 Page 15
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4. System Characterization:
Geologic Barrier
K. N. Gaither, A. M. Parsons, and R. P. Rechard

The geologic barrier is one of two major components of the disposal system that must be characterized to provide
an accurate simulation of waste performance after disposal. (The engineered barrier, another major component, com-
prises the waste packages and repository design, which are discussed in Chapters 3 and 5, respectively.) Characteriz-
ing the geologic barrier requires an understanding of the dynamic, large-scale natural forces that work through
geologic time shaping the past, present, and future of the potential repository site.

This chapter provides a context for the data used to characterize the geologic barrier in the 1997 PA by
(a) discussing previous studies, from which the current understanding of geologic conditions at Yucca Mountain is
drawn; (b) providing a brief synopsis of the regional setting to explain what characteristics of the site are likely to be
most relevant to containment and flow and transport of radioisotopes; (c) detailing the characteristics of the site
important to the 1997 PA; (d) describing the major assumptions with regard to the geologic barrier; and () listing the
parameters used to define the geologic barrier in the 1997 PA.

4.1 Data Sources and Previous Studies

Many previous publications contain comprehensive site descriptions that have evolved during site investigation
(DOE, 1995; Luckey et al., 1996; Flint et al., 1996; Scott and Bonk, 1984; Wilson et al., 1994; Winograd and Thord-
arson, 1975; Younker et al., 1992). The 1988 Site Characterization Plan (SCP) (DOE, 1988b) contains extensive
background information for virtually all aspects of the geologic barrier subsystem. In this chapter, brief, summary
level descriptions of geologic barrier site data are included, where appropriate, to develop a picture of site complexity
and to illuminate choices made when developing conceptual models. The 1997 PA used published reports and YMP
data sources for geologic data without attempting to provide quality assurance (QA), assuming that the researchers
publishing the reports and collecting the data documented the QA status of the material.

4.2 Regional Setting and Climate

This section summarizes the regional data, which is used in the 1997 PA as a basis for (a) boundary conditions
for site models, (b) analogues to envision changing conditions, and (c) a picture of large-scale processes that control
the local-scale effects at the site. Many models attempt to simulate processes that are small on a geological scale but
are driven by regional, even continental, scale climatic and crustal dynamics. Regional data are valuable because, in
building conceptual models of a site as it is today and as it might be in the future, geologists and others rely on their
broader knowledge of well-documented conditions and processes that have occurred‘in similar settings and at other
geologic times.

4.2.1 Regional Geologic Setting

The potential repository at Yucca Mountain is located about 137 km by air northwest of Las Vegas in Nye
County, Nevada, on and adjacent to the southwest portions of the Nevada Test Site NTS) (Lynch et al., 1991) (Figure
4-1). General features that make the site potentially suitable for a repository are its distance from large population
concentrations; the possibility of long-term institutional control; its dry climate and deep water table; its tectonic and
seismic stability; and its physically and chemically stable host lithology. These features enhance the containment
potential of the repository, lengthen the period in which migrating radioisotopes could reach an exposed population
through groundwater, and reduce the number of potentially exposed individuals. Another factor affecting the poten-
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Figure 4-1.  Potential repository at Yucca Mountain, located northwest of Las Vegas on and adjacent to southwest

portions of Nevada Test Site.
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4.2 Regional Setting and Climate

tial for exposure of individuals in the future is the lack of unique economically valuable resources in the site area.
Although some economic resources are found in the region, such as zeolites and very pure silica, this topic has been
covered in detail in the SCP (DOE, 1988b, Sec. 1.7), is being addressed by other studies, and so is not addressed by
the present study.

Yucca Mountain is a small part of the huge, ancient Cordilleran mountain system that began rising in the late Pre-
cambrian and now spans half the world from the Aleutian Islands 17,700 km (11,000 mi) to the tip of South America
(Clark and Stearn, 1968). Yucca Mountain is located in an interior range of the Cordilleran called the Basin and
Range Province in the Great Basin subprovince, an area which includes virtually the entire state of Nevada (Figure
4-2). The complexly faulted and folded Basin and Range Province was formed by late Mesozoic and early Cenozoic
crustal extension, thrusting, and volcanism, which occurred during uplift of the earth’s crust around a sinking geosyn-
clinal depositional feature to the west. On a broad scale, the mountains of the Basin and Range Province are blocks
cut by north-south trending Cenozoic age normal faults into ranges that stand above the surrounding desert plains.

The southern Great Basin has large zones of strike-slip faults that trend mainly northwest or northeast. The
northwest trending zones include the Las Vegas Valley shear zone, Death Valley-Furnace Creek system, and the
Walker Lane, in which Yucca Mountain is located (Figure 4-3). To the south and east of Yucca Mountain, the Walker
Lane deformation is part of an extensional pattern with northwest shear trends dying out into north-to-northeast trend-
ing shears as part of an adjustment of the larger Great Basin structural grain into the Garlock Fault. The Walker Lane
belt structural regime has not only changed the orientation of basins and ranges from the larger regional grain, but
certain blocks have been rotated even farther from regional trends. Yucca Mountain has been rotated 30 degrees
clockwise since middle Miocene time, probably by a couplet of right-lateral faults (Scott and Rosenbaum, 1986) as
have other areas of the Walker Lane (DOE, 1988b, p. 1-115).

Normal (extensional) and strike-slip faulting dominated the Great Basin’s structural history during the middle
and late Tertiary as the earth’s crust extended an estimated 10 to 300 percent in the area (DOE, 1988b, p. 1-328).
Today, lateral crustal extension is still ongoing. Yucca Mountain normal faulting occurred from the Middle Miocene
onward and accompanied early volcanic activity. Both northeast and northwest trending Southern Great Basin strike-
slip faults occur in the Yucca Mountain area. Knowledge of these deep structural patterns that allowed crustal exten-
sion accompanied by normal and strike-slip faulting may be significant because of the impact on future surface fault-
ing and ground motion. More than one conceptual model could be used to explain these patterns, including listric
faults and en echelon faults, which are still under study. These fault-related conceptual models do not impact the cur-
rent study directly, and they are not discussed further in the present performance assessment.

The most important faults in the 1997 PA are those associated with normal fault zones, as shown in the general-
ized geologic map (Figure 4-4) and the schematic cross section (Figure 4-5). Figure 4-4 shows the location of the
schematic cross section and the north-south trending normal faults from Windy Wash on the northwest to Paintbrush
Canyon on the east as well as the northwest structural trend that parallels Yucca Wash and Drill Hole Wash north of
the potential repository area.

Tectonic Setting. The existing stress field at Yucca Mountain is a result of regional stress patterns developed
about 4 to 10 million years ago and is relevant to engineering considerations for the potential repository. The least
principal stress orientation for the southern Great Basin is about N 50°W, an orientation also seen in measurements at
the NTS (Carr, 1974). Ratios between the magnitude of least principal horizontal stress and vertical principal stress
have been studied and provide information used.in design and construction of the potential repository and for predic-
tions of fault behavior during future tectonic events (DOE, 1988b, p. 1-333). ‘

The USGS has been studying the tectonic setting of the potential repository through its DOE Yucca Mountain
Tectonics Program, and through the probabilistic seismic hazard analysis (PSHA) that it manages for the DOE. These
and other data sources have been used to analyze the possibility of disruption of the potential repository by seismicity
or volcanic intrusion with a focus on two general aspects of the problem: frequency of occurrence and potential
effects on the repository (McGuire et al., 1990, 1992; Barnard et al., 1992; Wilson et al., 1994; Wescott et al., 1995;
EPRI, 1996). TSPA-1995 stated that in all of these studies the probability-weighted releases associated with these
processes are insignificant compared to those associated with repository-induced releases (M&O, 19953, p. 1-4).
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4. System Characterization: Geologic Barrier

High geothermal heat flow is more typical of the southern Great Basin than of the rest of the United States, but
the area north of and next to Yucca Mountain has lower heat flow than is average for the southern Great Basin (DOE,
1988b, p. 1-305 and 1-333). Geothermal gradients vary significantly from borehole to borehole at Yucca Mountain.
Given present technology and economics, geothermal energy is not considered a significant potential resource in the
area. Further information regarding geothermal conditions at Yucca Mountain can be found in Sass et al. (1988).
Ambient surface temperature was used for 1997 PA modeling, and geothermal gradients were not applied.

Geomorphic and Topegraphic Setting. Geomorphology influences repository performance by affecting pre-
cipitation, runoff, infiltration, and erosion, among other factors. Geomorphic data are also used for surface fault map-
ping. Topography creates changes in precipitation by means of elevation, e.g., moisture condenses as rising air is
cooled, and the resulting effects have been noted as a factor in infiltration rates at Yucca Mountain (Flint et al., in draft
“Conceptual and Numerical Model of Infiltration for the Yucca Mountain Area, Nevada™). In addition, the uplift of
the Sierra Nevada mountain range to the west creates a rainshadow contributing to aridity in the area of Yucca Moun-
tain that will continue for tens of thousands of years.

Topography in the Yucca Mountain area developed from faulting and erosion of an extensive Tertiary volcanic
plateau and is characterized by flat valleys flanking steep-sided mountains. The north-trending, linear crests of these
mountains are the exposed edges of faulted, rotated blocks of predominantly volcanic rock. Geomorphic data indi-
cate that Yucca Mountain is relatively stable and that overall rates of wasting will not exceed 1 to 2 m over the next
10,000 yr during which climate and tectonics are not projected to vary enough to affect erosion. Future erosion is
likely to be highest in localized areas of washes hit by short, high velocity flow after intense local storms. Erosion
rates estimated in these types of areas on the east face of Yucca Mountain averaged over the last 0.15 to 0.3 yr have
ranged as high as 375 cm/per 10,000 yr. The SCP (DOE, 1988b) contains a detailed discussion of this subject, which
is of interest in postclosure performance but was not given detailed treatment in the 1997 PA.

Stratigraphic Setting. Yucca Mountain’s youngest rocks are pyroclastic tuffs deposited during the Miocene
epoch of the Tertiary period when extensive volcanism blanketed the Paleozoic carbonates with igneous deposits after
subsidence of Cordilleran structural deformation in the mid Cenozoic. Volcanic activity occurred between 7 and 15
million years ago in the southwestern Nevada volcanic field and roughly centered around the Timber Mountain
Caldera, which covered a large area with silicic lavas and ash-flow and ash-fall tuffs (Carr, 1988). The tuffs, which
were the focus of study in the 1997 PA are (top to bottom) the Paintbrush Group, Calico Hills Formation, and Crater
Flat Group. The roots of Yucca Mountain are comprised of Mississippian period and older Paleozoic era shallow oce-
anic carbonates deposited on the submerged continental margin (Sinnock, 1982). Precambrian marine transgressive
rocks underlie the Paleozoic in the Yucca Mountain area. For more comprehensive information on the stratigraphy of
the area see Flint et al. (1996), Buesch et al. (1996), Scott and Bonk (1984), Winograd and Thordarson (1975), and
DOE (1988, Section 1.2).

The Paintbrush Group, comprised of four formations, forms the outcropping section at Yucca Mountain and is the
host rock for the potential repository. The Group’s siliceous tuffs were deposited by pyroclastic ash flow and fall with
some thin, tuffaceous sedimentary beds deposited during breaks in volcanism. Textural and geochemical alteration
that occurred after deposition produced features that have a strong impact on flow and transport. For PA modeling,
the thermomechanical and geochemical properties and effects on the hydrology of the lithologic section are of more
interest than the strictly geologic stratigraphic and petrologic details. For this reason, the 1997 PA developed hydro-
logic modeling units that represent the geologic section in the conceptual model. Sixteen modeling units were devel-
oped, and their interaction with fractures during flow was modeled using a composite porosity (equivalent
continuum) model, which is discussed in detail in later sections of this report (see Chapter 8).

4.2.2 Regional Hydrology

The basins of the Basin and Range Province are typified by internal surface drainage, often to playas, with few
interbasin streams. Precipitation that falls on the closed surface basins and moves below the evapotranspiration zone
can enter the regional groundwater system and eventually be transported to a point of discharge by movement
between basins. Regional groundwater flow in the vicinity of Yucca Mountain includes several topographic basins
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and g'roundwater subbasins. The SCP (DOE, 1988b, Chapter 3) and Waddell et al. (1984) describe eight hydrographic
regions, with three groundwater subbasins from the eight as being of particular interest.

Figure 4-6 shows major inflows and outflows of the three subbasins. The saturated zone at Yucca Mountain is an
unconfined aquifer that is part of the Alkali Flat-Furnace Creek groundwater basin which is part of the larger (47,000
km?) Death Valley groundwater flow system (Luckey et al., 1996). Groundwater flow from Yucca Mountain is gener-
ally to the south to southeast, which is why saturated zone modeling is often focused on a path in this direction rela-
tive to the repository.

Six aquifers exist in the potential repository vicinity with the principal ones being the valley-fill and lower car-
bonate aquifers. Figure 4-7 shows the relationship of the aquifers to the complete geologic column of the area with
hydrogeologic units are from Winograd and Thordarson. Not all of the geologic formations, aquifers, or aquitards
(confining units) are present below the potential repository. The bedded tuff aquifer rests on the lower portion of the
tuff aquitard in the area of the potential repository, because the intervening section is missing. The water table below
the potential repository occurs at about 730 m above sea level in the tuff aquitard.

The valley-fill aquifer is unsaturated near Yucca Mountain, but is a principal source of water in the Amargosa
Desert area to the south. Another aquifer, the lava-flow aquifer, lies below the valley-fill but is not present at Yucca
Mountain. Only the lower portion of the welded tuff aquifer, comprised of the Timber Mountain Group and upper
Paintbrush Group, is present at Yucca Mountain. It is unsaturated there, but exists as an aquifer to the east at For-
tymile Wash and to the south at Crater Flat. Below the welded tuff aquifer is the lava flow aquitard (upper Wahomo-
nie Formation), which is absent at Yucca Mountain.

The zones corresponding to the welded tuff aquifer and the tuff aquitard of Winograd and Thordarson (1975) in
Figure 4-7 are designated by Luckey et al. (1996) as the upper volcanic aquifer (welded tuff aquifer), upper volcanic
confining unit, and lower volcanic aquifer. They provide a correlation of these three zones to the modeling units of
Ortiz et al. (1985) and cite the occurrence of the three zones in wellbores in the Yucca Mountain area. The Luckey et
al. (1996) terminology is used here as are their definitions of these units. Table 4-1 summarizes the correlation of
these units, including 1997 PA modeling units (described further in Section 4.5.1).

Table 4-1. Comparison of Luckey et al. (1996) Volcanic Aquifer and Confining Units to Formal Geologic
Units, Ortiz et al. (1985), and 1997 PA Modeling Units

Modeling Units Definition
Geologic Unit
Ortiz et al. (1985) 1997 PA (Luckey et al., 1996)

Topopah Spring Tuff Formation Lower PTn, TSwi, Unsaturated zone Upper volcanic aquifer
(upper, densely welded) TSw2 model: Lower PTn, TSy,  (welded tuff aquifer)

TSun, TSul, TSmn, TSI,

TSIn;

Saturated zone model:

TSwe
Topopah Spring Tuff Formation TSw3, CHn1, CHn2 TSlv, CHnv, upper Upper volcanic confining
(basal vitrophyre), underlying . CHnz unit (welded tuff aquifer,
bedded tuff, Calico Hills Formation, bedded tuff aquifer,
upper nonwelded Prow Pass Tuff tuff aquitard)
Formation . )
Prow Pass Tuff Formation (except =~ CHn3, PPw, CFun, lower CHnz, PPw, Lower volcanic aquifer
as above), Builfrog Tuff Formation, = BFw, CFmn1, CFun, BFw, CFmn, (tuff aquitard)
Tram Tuff Formation CFMn2,CFMn3,TRw TRw

The upper volcanic aquifer (welded tuff aquifer) is the densely welded part of the Topopah Spring Tuff Forma-
tion and is unsaturated at the potential repository, but is saturated to the east and south (Figure 4-7). It produces water
in well J-13 with a lesser contribution from the upper volcanic confining unit (Figure 4-1; see also Section 4.3.3). The

September 30, 1998 4-9




4. System Characterization: Geologic Barrier

117 "00' 116 "00' 115 *00'
1 - 38"00"

]
i
i
i
i Penoyer Valley N
i (Sand Spring Valley) l
|

i

i

i

i Groom Lake

°
— : — 37°00'
- .
\ Beatty j
AN i~  CharkCounty o | §
s i %’ ty\\,z,
P> K %
| ] (/)
i 2 4
i s e &
! Indian ,~\é
; Springs
o i
Q.
Q/& 1
|
I
N i
C;\%/f 1
%5'\'90' i
NN Las Vegas
%\q
- N, — 36°00°
HEEN
1\,
I I
General Direction of Regional Groundwater Fiow
(Question mark indicates uncertainty) (I) 10 20 Mi
A. Oasis Valley Subbasin . I | I L
B. Alkali Flat-Fumace Creek Ranch Subbasin 0 10 20 30 40km
C. Ash Meadows Subbasin

TRI-6342-5260-0

Figure 4-6. Hydrogeologic flow patterns of the three groundwater subbasins (of the Death Valley System) in the
region of Yucca Mountain (from DOE, 1988b, modified from Rush [1971], Blankennagel and Weir
[1973], Winograd and Thordarson [1975], Dudley and Larson [1976], Waddell [1982], and Waddell et
al. [1984]). ’
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Figure 4-7.  Stratigraphy in the potential repository area at Yucca Mountain with designations of aquifers and aqui-
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tards, or confining units, based on Winograd and Thordarson (1975) (after Parsons et al., 1991, modi-
o fied from Sinnock, 1982). The V symbol indicates the elevation of the water table.
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upper volcanic confining unit consists of the basal vitrophyre of the Topopah Spring Tuff where it is not fractured or
fractures are closed by fill; the bedded tuff lying below the Topopah Spring; the Calico Hills Formation; and the
uppermost nonwelded Prow Pass Tuff Formation. The upper volcanic confining unit is unsaturated beneath much of
the south Yucca Mountain area, but is saturated in well USW G-2 at the north end of the mountain (Figure 4-1).

The lower volcanic aquifer consists of most of the Prow Pass Tuff and the Bullfrog Tuff and Tram Tuff, all in the
Crater Flat Group. This aquifer lies below all of Yucca Mountain and is saturated in most areas. The 1997 PA unsat-
urated zone model, which placed the water table mainly in the PPw and CFun units with the far east end in the CHnv
unit, represented the top of the lower volcanic aquifer of Luckey et al. (1996). The saturated zone model covered a
larger area than did the 2D cross-section of the unsaturated zone model, but in the area of the cross-section the corre-
spondence to saturated zone units for location of the water table is a reasonable fit. Luckey et al. (1996) noted that the
lower volcanic aquifer is densely fractured, though less so than the upper volcanic aquifer, and had reduced perme-
ability caused by secondary alteration. They observed that during hydraulic testing only a few fractures were produc-
tive, and it was difficult to predict which zone would be productive.

The upper carbonate aquifer and upper clastic aquitard have not been found below the potential repository loca-
tion at Yucca Mountain, and the Tertiary tuffs rest unconformably on the Paleozoic unit designated as the lower car-
bonate aquifer by Winograd and Thordarson (1975). In most YMP studies, this unit is referred to simply as the
carbonate aquifer, and it is the regional aquifer providing the most likely path through which released radionuclides
might migrate to other saturated units and the accessible environment. Only one well, UE-25P#1 (Figure 4-1) pene-
trates to the carbonate aquifer; it reaches only the top of the aquifer. Little is known about the Paleozoic section under
Yucca Mountain beyond the data that Winograd and Thordarson (1975) compiled. They noted that the lower carbon-
ate aquifer was up to about 4570 m (15,000 ft) thick, but is deeply eroded in most areas, and regionally, has a satu-
rated thickness of a few hundred to several thousand feet, with the greater saturated thickness likely in the Yucca
Mountain region. From studies of the carbonates in outcrop, they described the rocks as having low intercrystalline
porosity with isolated vugs as large as 1.0 cm (0.4 in.), but not interconnected. The rocks were highly fractured by
joints and faults. Groundwater flow through the carbonate aquifer is through secondary openings developed along
fractures. However, the carbonate aquifer is not modeled in the 1997 PA as the saturated zone model goes only as
deep as the lower volcanic aquifer.

4.2.3 Regional Geochemistry

Geochemical processes that affect transport or retardation of radioisotopes include sorption, precipitation or dis-
solution, and physical flow processes like diffusion, dispersion, or filtration of particulates. Changes in groundwater
- geochemistry that impact container corrosion and radiocisotope sorption and solubility receive particular emphasis in
the 1997 PA. - Many aspects of the geochemistry of repository host rock are relevant to the performance assessment,
including contribution to water geochemistry, chemical interaction or stability in containment, and alteration products
from natural diagenesis or waste heat initiated diagenesis. Geochemistry as related to the potential repository site is
discussed in Section 4.3.3.

4.2.4 Regional Climate

Climate has many complex interactions with the containment function of the geologic barrier and is a prime
determinant of site hydrology and site vegetation. Climate cycles and daily weather combine with geomorphology,
soil development, and vegetation to influence surface hydrology. Surface hydrology impacts runoff, infiltration, per-
colation, and recharge, which become input for parameters important to flow and transport of radioisotopes. The
effect of climate variation on the potential repository and the method by which it was modeled is discussed in Section
434,
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4.3 Site Characterization

As discussed in Section 4.2, site characterization includes the geology, hydrology, geochemistry, and climate at
the site. With regard to the geologic barrier, the 1997 PA focuses on answering questions related to containment and
isolation, including how the near-field natural environment interacts with the waste and the waste canisters. There-
fore, this discussion centers on those factors that most directly affect these processes. The following discussion of the
structure, stratigraphy, and lithology touches lightly on classical geologic descriptions. The emphasis is on geologic
criteria as expressed in modeling units so that the manner in which the 1997 PA modeled the geology is clear. Also,
abundant site characterization material is available in other publications, which are cited as appropriate (e.g., DOE,
1988b).

4.3.1 Site Geology

The regional geologic setting described in Section 4.2 places Yucca Mountain in a broad belt of highly deformed
continental crust that has been subjected to a succession of stress fields created by the interaction of major continental
and oceanic plates. The 1997 PA was primarily concerned with the impact of structural features on containment, flow,
transport, and thermal and mechanical interactions with the heat generated by waste. Thus, questions examined by
the 1997 PA included

s Are fractures (faults and joints) permeable or do they act as permeability barriers for the flow of liquid, gas,
and heat? )

¢ Does permeability of fractures change between the saturated and unsaturated zones; and how are these effects

best modeled?

What is the best way to conceptualize the interaction between tuff matrix porosity and fracture permeability?

‘What is the best way to conceptualize major faults, as zones or discrete points of permeability change?

‘What is the best approach to modeling dipping beds and fault planes?

‘What is the role of fractures in the conceptualization of dripping models for groundwater falling on contain-

ers?

¢ What is the role of fractures in the conceptual model of infiltration and percolation?

In generating answers to these questions for the 1997 PA, site data for the geologic barrier were used to define
parameters for the models. These parameters are listed in Section 4.5. The sections below describe the relationship
between actual site characteristics and conceptual models used in the 1997 PA. Details with regard to the actual
parameters themselves, e.g., bulk density ranges, can be found in the parameter lists (Section 4.5) and are only briefly
touched upon here.

Geologic Framework. The 1997 PA used the YMP Integrated Site Model (ISM 2.0) (Clayton et al., 1997) as a
reference for development of the geologic framework for modeling both the saturated and unsaturated zones. ISM
2.0 comprises two types of information—the geologic framework model, which captures the geometry produced by
the combination of structure and stratigraphy, and several rock properties models, which contain rock properties such
as porosity, geochemistry, and water saturation.

Faults. The tuffs at Yucca Mountain are fractured by several types of processes. Tectonic fractures, which
include both joints and faults, arose from stress fields in the earth’s crust and by stress field changes caused by
unloading of overburden. Joints also developed as the hot ash deposits cooled. Properties of fractures that impact
flow and transport include continuity across bedding planes, interconnectedness of fractures, correlation lengths of
connected clusters of fractures, and fracture plane geometries and surface characteristics. A discrete mapping of each
type of fracture would be ideal, because tectonic features developed in response to large-scale forces have different
patterns of continuity and connectivity than more localized joint patterns formed in response to cooling. However,
analysts cannot readily access information that distinguishes faults from joints or the trends of different joint sets.
Studies that have characterized the different kinds of fractures at Yucca Mountain in detail include Sweetkind et al.,
1997; Sweetkind and Williams-Stroud, 1996; and Rautman and Engstrom, 1996.
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In ISM 2.0 (Clayton et al., 1997), which was used by the 1997 PA, joints are not discretely, mapped, and faults in
the subsurface are mapped by downward projection of major surface faults. During construction of ISM 2.0, not all
site data have been used, and for some important hydrogeologic features, data are very sparse. For example, in the
area near the repository only faults with over 30.5 m of vertical displacement and a 3200-m surface trace length, plus
the Ghost Dance fault (which passes through the repository area), have been included in the model. Thus, smaller
faults and buried faults were excluded. The significance of these criteria is that there is no hydrologic evidence to
show that faults that are buried and/or smaller than those captured in the model do not have an influence on contain-
ment, flow, and transport.

Structure in the area of Yucca Mountain is dominated by north-trending, down-to-the west normal faults, includ-
ing some prominent ones that can be mapped for kilometers along strikes and hundreds of smaller associated faults
(Figures 4-4 and 4-5). These major normal faults dip steeply west, are typically 1 to 2 km apart, and have vertical off-
sets of more than 100 m. Another, smaller scale group of normal faults strikes north to northwest, is closely spaced,
has typically less than 3 m of offset, and forms an imbricate pattern (DOE, 1988b, Section 1.3). This group exists in
the southern area of Yucca Mountain, but was not included in the models for the current study.

A substantial northwest-southeast-trending surface drainage, Drill Hole Wash, cuts across the general east trend-
ing surface drainage pattern at the northern boundary of the potential repository area, and may be controlled by a
northwest-southeast trending structural zone with strike-slip motion (Wilson et al., 1994; Luckey et al., 1996; Scott et
al., 1984). This northwest-southeast trending structural feature is paralleled by Pagany Wash Fault, Sever Wash Fault,
and Yucca Wash, each located successively further north from Drill Hole Wash. These northwest-trending washes are
associated with strike-slip faults with near vertical fault planes, less than 100 m of right-lateral offset, and brecciated
zones about 20 m wide. In the saturated zone model, this northwest fault trend was conceptualized as a hydraulic bar-
rier zone.

Structural dip in the large fault blocks in the Yucca Mountain area follows a pattern with strata dipping from 5° to
30° eastward. In the area of the potential repository, Tiva Canyon Tuff dips are 5° to 8° eastward and occurred in the
Yucca Mountain fault block as it rotated after faulting. Both the unsaturated and saturated zone models for the cur-
rent study used a dip of 4.6° eastward for the modeling units. There is also a structural dip of 1° to 2° to the south at
Yucca Mountain, which is captured in the three-dimensional saturated zone model as <1° of dip.

Representation of Faults in Models. Fault (or fracture) zones in the site geology were represented on the model-
ing grid by cells with permeability values different from cells to either side; these areas may also represent areas of
physical offset of modeling units. Note, however, that it is misleading to label these areas as faults, because the model
grids in the current study were composed of stratigraphic and structural composites and were not constructed as true
geologic cross sections or plan view maps. The areas where major faults occur were considered permeability barriers
in the saturated zone and both permeable zones and permeability barriers in the unsaturated zone.

In addition, it is misleading to label these areas as faults in the 1997 PA, because all permeability changes, such
as hydrologic barriers in the saturated zone, cannot be explained as the result of a discrete fault plane. The large faults
are actually zones of faulting with smaller faults that parallel them, forming splays as the fault break adjusted to dif-
fering stress or lithologic conditions. Permeability changes in the subsurface can occur as a result of lithologic
change or mineralogic change within the same lithology. Bodvarsson et al., eds. (1997) specifically notes the effects
of zeolites in causing lateral diversion of flow in the CHn unit, citing the work of Carey et al. (1997). Current subsur-
face mapping is insufficient to determine the complex interaction of all geologic features in the development of flow
barriers, or permeable zones. Few models, including the 1997 PA, have attempted to model significant, large-scale
permeability barriers using methods other than the effect of fault zones. However, as a practical matter, the designa-
tion “fault” or the more general term “fracture” has been used in several places in the discussion of permeability bar-
riers and permeable zones to help the reader readily connect them to a real geologic feature that the conceptual model
associated with an observed effect.

For the 1997 PA, the influence of fault zones on the conceptual models and the resulting effect on elements of the
modeling grid are captured in Table 4-2. Fault zones were treated somewhat differently in the unsaturated and satu-
rated zone models, beginning with differences as the result of the unsaturated zone model being 2D and the saturated
zone model being 3D. The area covered by the 2D cross-section crossed only two major fault zones: the Solitario
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Table 4-2. Treatment of Fractures in the 1997 PA Conceptual Models

Unsaturated Zone Model Saturated Zone Model
Fault Zone Effects Modeled Solitario Canyon; Ghost Dance Solitario Canyon; Bow Ridge;
Northwest-Southeast trending
fault group
Conceptual Model of Effect of Both permeable; lateral perme- All impermeable; lateral perme-
Fault Zone on Flow ability increase at discrete point ability decrease at discrete point
(single grid cell) (single grid cell)
Dip of Fault Zone Plane Vertical Vertical
Modeling Unit Offsets Modeling units offset across fault  Modeling units not offset across
zone fault zone
Effect on infiltration or flux None N/A

Canyon on the west and the Ghost Dance on the east, and both were included in the model (see Figure 4-5). In the
unsaturated zone 2D model, the Ghost Dance fault zone was treated as a permeable zone based on the work of LeCain
(1997) and Exploratory Studies Facility (ESF) studies (Bodvarsson et al., eds., 1997), which have shown fracture
zones to be permeable to air in the unsaturated zone. The Solitario Canyon Fault zone was treated as a less permeable
zone in relation to the modeling grid cells to either side of it.

In the saturated zone, the focus was on representing as closely as possible the observed potentiometric gradient
as constrained by hydraulic head measurements taken in wellbores (see Chapter 9 for more information). Fault zones
were invoked as the features that created the barriers that caused the observed abrupt head changes in the potentio-
metric gradient and were used to locate grid cells that occurred at points of abrupt hydraulic conductivity (and there-
fore permeability) changes. The area covered by the 3D saturated zone model encompassed several large fault zones
(Figure 4-1): the north-south trending normal faults of Solitario Canyon, Abandoned Wash-Ghost Dance, Bow
Ridge, and Paintbrush, and the northwest-southeast trending strike-slip faults associated with Drill Hole Wash, Pag-
any Wash, Sever Wash, and Yucca Wash. Only the Solitario Canyon, a portion of the Bow Ridge, and a zone repre-
senting the effects of the northwest-southeast trending group of faults were modeled as permeability barriers. The
rest of the fault zones do not appear explicitly as an area of permeability change in the model grid and are treated as
permeable zones.

Stratigraphy and Rock Properties. Yucca Mountain is a highland about 6 to 10 km wide and about 40 km long
with the crest altitude ranging from 1500 to 1930 m, which places the crest about 650 m above the surrounding low-
lands (Parsons et al., 1991). The mountain’s present geomorphology evolved from faulting and erosion of a thick
(1000 to 3000 m) deposit of silicic volcanic Miocene rocks that now dip 5° to 10° to the east at the site of the potential
repository. The volcanic sequence consists of a series of welded and nonwelded ash-flow and ash-fall tuffs and lavas,
and volcanic breccia interbedded with thin sedimentary tuffaceous units deposited during the time between volcanic
eruptions. The Cenozoic era Tertiary volcanics unconformably overly much older Paleozoic and Precambrian era
clastics and carbonates. Figure 4-8 shows the stratigraphic units in the vicinity of Yucca Mountain. For more detailed
depositional and lithologic descriptions, see the studies cited in Section 4.2.1, particularly the SCP (DOE, 1988b).

The portion of the geologic section at Yucca Mountain modeled in the 1997 PA is comprised of volcanic pyro-
clastic tuffs and the tuffaceous sedimentary units deposited during breaks in volcanic deposition. To provide a sense
of relationship between actual stratigraphy and modeling units, Figure 4-9 compares three stratigraphic geologic col-
umns of formal and informal geologic stratigraphy (Ortiz et al., 1985; Sawyer et al., 1994; and ISM 2.0 [Buesch et al.,
1996 and Moyer and Geslin, 1995]) and three modeling unit columns (Ortiz et al., 1985; Rechard, ed., 1995; and the
1997 PA). The beds that are intersected by the potential repository configuration modeled in the 1997 PA are marked
on the column to the far right. The potential repository lies in the TSmn layer.

September 30, 1998 4-15




. System Characterization: Geologic Barrier

Geologic Period Statigraphic Unit
Quaternary Alluvium
Timber Mountéin .
Group Ranier Mesa Tuif
Tiva Canyon Tuff
Yucca Mountain
Paintbrush Tuff
Group
Pah Canyon Tuff
Topapah Spring
Tuff
Calico Hills Formation
Tertiary Prow Pass Tuff
Crater Flat
Group Bullfrog Tuff
Tram Tuff

Lithic Ridge Tuff

Older tuffs, lavas, and breccias

Early Permian and
Pennsylvanian

Tippipah Limestone

Mississippian and
Late Devonian

Eleana Formation

Devonian to Undifferentiated, primarily
Cambrian carbonate rocks
Cambrian Undifferentiated, primarily

clastic rocks

TRI-6342-5286-0

Figure 4-8.  Selected stratigraphic units in the vicinity of Yucca Mountain that are important to the hydrology (from
Luckey et al., 1996; Tertiary nomenclature modified from Sawyer et al., 1994).
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When classifying modeling units, many YMP studies (Ortiz et al., 1985; Altman et al., 1996; Wilson et al., 1994;
Bodvarsson et al., eds., 1997; and others) use terms related to welding, vitrification, zeolitization, and the presence
and abundance of lithophysae as a means of distinguishing units. Development of these tuff properties is related to
the mineralogy of the deposits, their mode of deposition, syndepositional cooling effects, and postdepositional
diagenesis, and these subjects are discussed in this section. Note that stratigraphic columns often lack measured
thicknesses of units because units vary in thickness over the study area. Also, as shown in the first two columns of
Figure 4-9, formal stratigraphic terminology changed since Ortiz et al. (1985), with units that were previously defined
as members now designated as formations, along with other minor differences.

All units in the far right column (Figure 4-9b) were modeled in the 1997 PA except the beds above the Tiva Can-
yon Formation. The Paleozoic carbonates under the thick tuff section (see Figure 4-8) were not modeled. For unsat-
urated zone modeling, the bulk of the stratigraphic section of interest at Yucca Mountain was deposited by volcanic
pyroclastic activity. Caprock units of the Tiva Canyon Tuff and Topapah Spring Tuff Formations of the Paintbrush
Group were deposited near the tops of the ash flows and are low porosity units. They have a different mineral compo-
sition from the rest of unit as a whole and are thought to represent deposits from a deeper magma of a different com-
position than that of the initial deposits. The caprock units are more mafic, being quartz latite composition rather than
rhyolite as is the bulk of the underlying tuffs. The hydrologic significance of this unit is that the caprock may act as a
barrier to infiltration of meteoric water except where it is breached by joints or faults (Rautman and Flint, 1992). The
1997 PA did not model the effects of outcropping caprock units. Figure 4-5 shows the outcrop of the Paintbrush
Group, the overlying Timber Mountain Group, and Pre-Paintbrush tuffs in the repository area.

Pyroclastic ash-flow deposits are volcanic hot, gaseous, particulate density currents. Though individual ash-flow
and ash-fall tuffs can be quite thick (100 to 300 m), in general, eruptive events associated with the Timber Mountain
Caldera complex north of Yucca Mountain spread each tuff layer out over distances of kilometers producing a high
ratio of horizontal to vertical dimension in the resulting rock units. In the hiatus between large-volume ash-flows,
thinner beds composed of tuffaceous and reworked material were emplaced a féw meters to tens of meters thick
(Rautman, 1995). Syndepositional welding, fracturing, hydrothermal alteration, and gas bubble formation and post-
depositional faulting, jointing, and diagenesis produced additional heterogeneities of relevance to modeling unit
development.

Welding in Tiva Canyon and Topopah Spring Tuffs. Both the Tiva Canyon Tuff and Topopah Spring Tuff Forma-
tions exhibit vertical layering related to the cooling history of a rapidly deposited ash-flow tuff. A simple cooling unit
develops when pyroclastic deposits occur in such rapid succession that each new layer is emplaced before the previ-
ous one has cooled, so the entire sequence tends to cool as a single unit. Figure 4-10 shows idealized welding zones
in a simple cooling unit that develops a more or less systematic pattern of zones with a differing degree of welding; in
these zones, greater density and lesser porosity are associated with greater welding. Because the different areas of the
flow cool and therefore, weld deferentially, the basal beds are more porous and less densely welded in many ash-flow
tuffs. Basal beds cool relatively quickly, losing heat to the cool ground surface upon which they are deposited. Sub-
sequent portions of the ash deposit are insulated from the cooler ground surface, cool more slowly, have the weight of
the succeeding ash layers upon them, and show more plastic deformation and welding of glass shards. This effect
diminishes from the interior of the deposit both upward to the top of the deposit and downward to the base, causing
the top layer of the depositional unit to resemble the bottom in that it has a relatively higher porosity and less (or no)
welding compared to the mid-section. After deposition and cooling, welded rocks are more likely to fracture and to
sustain a discrete break than are nonwelded rocks; by fracturing, low porosity welded sections can become more per-
meable to groundwater flow. Rautman (1995) noted that welded and nonwelded rocks may exhibit significantly dif-
ferent in-situ water saturations, which can impact thermal conductivity. Another feature of intensely welded zones is
the development of vitrophyres.

The Topopah Spring Tuff in the potential repository area exhibits vertical changes in texture and mineralogy that
appear to be the result of deposition from three eruptive events (three simple cooling unit sequences). As described in
the SCP (DOE, 1988b, p. 1-62), the first eruptive event deposited the basal vitrophyre (TSlv) through the lower litho-
physal (TSI1) subunits; the second event deposited the middle nonlithophysal (TSmn) and upper lithophysal (TSul);
and the third eruptive event deposited a nonlithophysal zone with a thin vitrophyre cap (TSun and TSv). Note that
rock material deposited at the base of an eruptive event generally has few lithophysae, and the lithophysae tend to be
more numerous toward the upper part of a cooling unit, so that associating cooling unit zonation with rock texture

September 30, 1998 4-17

v -




4. System Characterization: Geologic Barrier

qumal Formal Formal and Informal
Stratigraphy Stratigraphy . Stratigraphy
Ortiz et al. (1985) Sawyer et al. (1994) ISM 2.0*
Buesch et al. (1996)
Movyer & Geslin (1995) Alluvium
~ " —] Trm
N\ Undifferentiated Multiple T Tpk
Overburden Tiva \Fomagons it Tpepvi-2
Tva Canyon Tutf T Tobta
Ganyon Yucca Mountain Formation Yucca Mountain peprd ];_p )l,)ts
Member |~ Member |~ Formation _| P
p . 7 units in this interval — .I’;%%tz
>4 Pah Canyon ™ Pah Canyon Tptrv2-3
5 N “Member [\ Formation Tptrn \‘Tptrv1
g e Totrl
S (=}
E g Tptpul
§ Topopah g Topopah Tpipmn
5 Spring S Spring Tuff
< Member Formation
£
Tptpll
Tptpin | Tptpv3
f—— Tptpvi-2
Tuifaceous Calico Hills Tac | Tebtd
B.eds °,f Formation
Calico Hills B |- Tacbt
Tep(unw)
Prow Prow
Pass Pass Tuff Top(w)
Member Formation Tep(inw)
-1 bt
Tcb(unw)
[
o
Tg a
S Bullfrog § Bulifrog
bt Member @ Tuff Teb(w)
2 = Formation
= 3
« B
2 °c Teb(linw)
© = bt
Tram Tram Tuff
Member Formation Tet
~ Dt

*Abbreviations for the ISM 2.0 column follow the symbel hierarchy: T=Tertiary Pericd rocks: with stratigraphic group designated by the second letter (p=Paintbrush,
c=Crater Flat); the formation designated by the third letter (c=Tiva Canyon Tutf, p=Pah Canyon Tuff, etc.); informally defined members designated by the fourth
letter; single or double letters in the fifth and sixth symbel position rep ing the zones of welding and crystallization; and intervals dencted by the numerical
designation in the seventh or eighth position.

TRI-6342-5282-0(A)

(@

Figure 4-9. Comparison of (a) formal/informal stratigraphic layering with (b) modeling unit layering for Yucca
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Mountain from various studies. The modeling units for the 1997 PA are shown in the column at the far
right. Abbreviations for these units are defined in “Development of Thermal/Hydrological Modeling
Units.”
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Reference Modeling Units Modeling Units
Stratigraphy 1994 DSNF/DHLW PA 1997 DSNF/DHLW PA
{(Modeling Units) Rechard (1995) Unsaturated Zone
Ortiz et al. (1985)
uo Alluvium (Not Modeled) Alluvium {Not Modeled)
TCw TCw TCw Saturated Zone
Modeling
PTn PTn PTn Units
TSV —=
TSun
TSW1 TSW1
TSul
TSmn
Repository TSwe
TSW2 TSW2 TS
i TSIn
= TSw3 ~t TSwv TSlv =+ JSlv_|
’ CHnv CHnv CHnv
CHn1
= CHn2 CHnz CHnz CHnz
CHn3
PPw PPw PPw PPwW
CFUn CFUn CFun CFun
BFw BFw BFw
CFMn1
=~ CFMn2 CFMn CFmn
CFMn3
TRwW TRW TRw
TRI-6342-5282-0(B)
(d)
Figure 4-9. Comparison of (a) formal/informal stratigraphic layering with (b) modeling unit layering for Yucca

Mountain from various studies. The modeling units for the 1997 PA are shown in the column at the far
right. Abbreviations for these units are defined in “Development of Thermal/Hydrological Modeling
Units.” (continued)
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100 —

No Welding
Partial Welding

/A Dense Welding

TRI-6342-5284-0

Figure 4-10. Idealized lateral and vertical configuration of welding zones in a simple cooling unit (after Fisher and
Schmincke, 1984).
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explains the distribution of lithophysae in the section. The geochemistry associated with cooling unit zonation is dis-
cussed in Section 4.3.3.

Vitrification and Zeolitization. Pyroclastic ash-flow deposits are composed of crystalline minerals, glass that
occurs as shards and as foamy pumice, and lithic fragments picked up from various sources (Fisher and Schmincke,
1984). Ash-flow tuff, by definition, is more than 50% ash-sized (<2 mm) particles, of which glass shards are the
majority. Vitrophyres form when glass (which is non-crystalline by definition) is preserved in a metastable form as a
result of extreme welding of hot, plastic glass shards. Vitrophyres have relatively low porosity and high particle den-
sity. Devitrification is the altering of thermodynamically unstable glass by nucleation and growth of mainly quartz
crystallites and both sodium-rich and potassium-rich alkali feldspar (Cas and Wright, 1987). Volcanic glass, such as
vitrophyre, provides the source material from which zeolites are formed by diagenesis, so vitric layers become zeoli-
tized over long exposure to groundwater in the saturated zone. Zeolitization alters a metastable glass that lacks crys-
talline structure to a crystalline, aluminosilicate framework mineral with completely different properties than those of
the glass. Compared to vitrophyres, zeolites are chemically more stable, more porous, with lighter bulk density, and
they act as molecular sieves on liquids passing through them.

Lithophysae. Textural features of ash-flow tuffs include spherulites, which are radiating aggregates of alkali feld-
spar (with or without crystobalite and tridymite) that develop during devitrification and can produce a granular-look-
ing texture. Large spherulites with large internal cavities, or vugs, are called lithophysae (Cas and Wright, 1987).
The presence of lithophysae in the repository host rock has an important impact on heat conductance because it slows
down the dissipation of heat by reducing bulk density and thermal conductivity, adding the insulating effects of air-
filled vesicles. The 1997 PA used a finer division of modeling units representing the Topopah Spring Tuff section
than was used by the 1994 PA in order to capture a finer resolution of vertical heterogeneity with regard to the relative
abundance of lithophysae (see Figure 4-9). This refinement of units was based on Rautman (1995) with emphasis on
the use of data from wellbore UZ-16. Delineation of modeling units based on the presence or absence of lithophysae
has pitfalls in that use of the term “lithophysal” as a descriptor by various investigators in the YMP can have signifi-
cantly different meanings. The differences in definition include variations in the quantity of lithophysae that must be
present to call the zone lithophysal as well as variations in the size of vesicles that are called lithophysae. Lack of
consistency in geologic descriptive protocols has presented problems, rendering some data misleading.

Bedded Tuffs. The term “bedded tuff” is used in the YMP for sedimentary units formed during a hiatus in pyro-
clastic activity by wind or water erosion of the surface of the most recent major ash-flow tuff. They are relatively thin
beds compared to the massive tuffs, but can be thick in some areas. These units are defined by Buesch et al. (1996) as
«“,..tuffaceous beds interstratified with major ignimbrites, but not identified with any established formation,” and are
named with reference to the overlying tuff deposit, as in Tpbt4, which is the Pre-Tiva Canyon bedded tuff (Figure
4-9a, third column). Ortiz et al. (1985) also considered such units as the basal beds of the overlying tuff, as shown by
their definition of the CHn2 unit (see Figure 4-9b, first column). Because these are informal units, they are not shown
in the formal stratigraphy columns in Figure 4-9a (first and second columns), although they are shown in the ISM 2.0
formal and informal stratigraphy column (Figure 4-9a, third column)—the units ending in the initials “bt” mean bed-
ded wiff, In the 1997 PA, bedded tuffs are grouped with the corresponding unit above (e.g., CHnz in Figure 4-9b,
third column).

Many features of tuffs described in this section developed in response to physical processes that changed gradu-
ally as opposed to abruptly, such as the thermal zonation in a thick simple cooling unit. For this reason, gradational
changes in rock property values from one layer to the next is the rule rather than the exception for Yucca Mountain
tuffs. Gradational changes occur in porosity, grain density, and other rock properties in the Tiva Canyon Tuff Forma-
tion and Topapah Spring Tuff Formation (host rock for the potential repository) as a result of the depositional nature
of the units, their cooling history, and subsequent diagenesis. The 1997 PA modeling units are laterally homoge-
neous, and, because the focus of this PA is on the potential repository “footprint” area in the unsaturated zone, this
method of defining the units adequately represents textural changes related to cooling unit history that impact ther-
mal, flow, and transport processes.

Development of Thermal/Hydrologic Modeling Units. In developing its modeling units, the 1997 PA focused
on containment, flow, and transport processes as well as thermal and mechanical processes, and employed data on the
rock properties that were believed to have the greatest effects on these processes.
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The process of flow is an €xample of how primary and secondary rock properties can be selectively grouped and
modeled to represent the range of possibilities for a process. The flow of water, on the ground surface or in the sub-
surface, follows the path of least resistance, meaning the path of relatively highest permeability, lowest pressure, least
chemical retardation, mechanical resistance, and so on. In the subsurface; any given path of least resistance exists due
to different combinations of many rock properties, e.g., permeability, which in turn, is affected by a combination of
other properties such as porosity, tortuosity, capillary pressure, and fracturing. Therefore, analysts seeking to define
the process of flow through Yucca Mountain and the repository chose to define the mountain in their models as a
series of layers (tnodeling units) with different rock properties (porosity, etc.) that are relevant to the process of flow.
The parameter list used by a particular code contains the properties that affect the process (Section 4.5). The same
logic applies in development of modeling units for models that capture response to heat, geochemical retardation, or
combinations of several properties.

Both the 1994 and 1997 PAs built modeling units based on a combination of lithologic, thermal, mechanical, and
hydrologic properties. The correlation between formal stratigraphic units and modeling units for Ortiz et al. (1985),
the 1994 PA, and the 1997 PA is shown in Figure 4-9b. Ortiz et al. (1985) was the earliest widely cited study that
developed modeling units. Called “reference stratigraphy,” unit characteristics were based on a combination of rock
properties that controlled a process of interest, such as groundwater flow, as opposed to the standard approach of dis-
tinguishing geologic layering based on formal stratigraphic classification criteria. Ortiz et al. (1985) cited Lappin et
al. (1982, p. 20-24) as originating the protocol of using process-controiling groups of rock properties to define stratig-
raphy for core descriptions during lithologic logging of wells. Subsequent YMP studies have used a similar approach
for modeling units with some studies building directly on the reference stratigraphy of Ortiz et al. (1985). Buesch et
al. (1996) in their description of formal and informal lithologic units of the Paintbrush Group also showed the corre-
lation of these units to Ortiz et al. (1985) thermal/mechanical units. The 1994 PA adopted in large part the Ortiz et al.
(1985) units with some modifications. The 1997 PA built on the 1994 PA units with further refinements in the
Topopah Spring section, based on more recent data. Therefore, as a starting point, it is useful to describe the defini-
tions and assumptions by which Ortiz et al. (1985) developed their reference stratigraphy (referred to as modeling
units in the 1997 PA). In addition, subsequent assumptions by which these initial units were modified from the 1994
PA to those used in the 1997 PA are discussed.

Though actual site data were used by the 1997 PA and other YMP researchers as input for modeling units, the
unit definitions and contacts were based on qualitative assessments of changes in processes in relation to changes in
rock properties. Therefore, units are not defined by a distinctive range of values for each rock property of interest,
though it is likely, for instance, that porosity and permeability values are higher in nonwelded units versus welded
units, because during welding pore spaces are closed up. Ortiz et al. (1985) began with a stratigraphy based on poros-
ity and grain density using work by Nimick et al. (1984). They associated the rock properties of vitrified (glassy, non-
crystalline structure) versus devitrified (crystalline mineral structure) and welded versus nonwelded with the rock’s
grain density (which affects thermal processes) and porosity (which affects thermal, flow, and transport processes).
Ortiz et al. (1985) made the following qualitative assumptions, based on observations of data, which were then
adopted by the 1994 and 1997 PAs:_

Devitrified tuff: High density, low porosity

Vitric, welded tuff: Low density, low porosity

Vitric, nonwelded tuff: Low density, high porosity

Zeolitized tuff: Low density (higher than vitric), high porosity
Nonwelded: Extensively zeolitized, except upper Paintbrush nonwelded.

The reference stratigraphy definitions of Ortiz et al. (1985) are provided in Table 4-3 and were also used as ther-
mal/hydrologic modeling unit definitions by the 1994 PA (with the exception of units TSv through TSIn). Ortiz et al.
(1985) divided the bulk of the Topopah Spring into two zones, the upper lithophysae-rich (more than approximately
10% by volume) TSw1 unit and the lower lithophysae-poor (less than approximately 10% by volume) TSw2 unit.
For modeling of the unsaturated zone in the 1997 PA, these two units were divided into the TSv, TSun, TSul, TSmn,
TSI, and TSIn to further refine the layering of lithophysal zones, which were inferred to have effects on thermal
responses of the rock units. The source of these designations is a combination of ISM 2.0 units (Clayton et al., 1997)
and Rautman (1995). Note that for the saturated zone model for the 1997 PA, the unit TSwec is the equivalent of
unsaturated zone units TSv, TSun, TSul, TSmn, TSIl and TSIn.
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Table 4-3. 1997 PA Thermal/Hydrologic Modeling Units modified from Ortiz et al. (1985)?

Thermal/Hydrologic
Modeling Unit Name

Abbreviation®

Definition

Alluvium (Ortiz et al.
Undifferentiated Over-
burden)

Tiva Canyon, welded
unit

Upper Paintbrush, non-
welded unit

Topopah Spring,
vitrophyre unit

Topopah Spring, upper,
nonlithophysal unit
Topopah Spring, upper
lithophysal unit
Topopah Spring, middle
nonlithophysal unit
Topopah Spring, lower
lithophysal unit
Topopah Spring, lower
nonlithophysal
Topopah Spring,
welded unit, vitrophyre

Calico Hills and Lower
Paintbrush, nonwelded
unit

Calico Hills and Lower
Paintbrush, non-
welded unit

Prow Pass, welded unit

Alluvium

TCw

PTn

TSv

TSun®

TSul®

TSmn®

TSH®

TSIn®

TSIvC

CHnv

CHnz

PPw

Alluvium; coliuvium; nonwelded, vitric ashfiow tuff of the Tiva Canyon

Tuff Formation of the Paintbrush Group; any other tuff units that strati-
graphically overlie the welded, devitrified Tiva Canyon Tuff Formation;
not modeled by 1994 or 1997 PAs

Moderately to densely welded, devitrified ash-flow tuff of the Tiva Can-
yon Tuff Formation of the Paintbrush Group.

Partially welded to nonwelded, vitric and occasionally devitrified tuffs of
the lower Tiva Canyon Tuff, Yucca Mountain Tuff, Pah Canyon Tuff, and
upper Topopah Spring Tuff Formations of the Paintbrush Group. In 1997
PA, sedimentary, bedded, tuffaceous units deposited prior to deposition
of each of these formations were also included in the PTn; Yucca Moun-
tain and Pah Canyon are locally welded north of the repository area

Upper, densely welded vitric portion of the Topopah Spring Tuff Forma-
tion of the Paintbrush Group; formeriy basal section of PTn in 1994 PA,
correlative to ISM 2.0 Tptrvi

Upper, nonlithophysal portion of the Topopah Spring Tuff Formation of
the Paintbrush Group; correlative to ISM 2.0 Tptrn

Upper, lithophysal portion of the Topopah Spring Tuff Formation of the
Paintbrush Group; correlative to ISM 2.0 Tptrl, Tptf, Tptpul

Middle, nonlithophysal portion of the Topopah Spring Tuff Formation of
the Paintbrush Group; correlative to ISM 2.0 Tptpmn

Lower, lithophysal portion of the Topobah Spring Tuff Formation of the
Paintbrush Group; correlative to 1ISM 2.0 Tptpll

Lower, nonlithophysal portion of the Topopah Spring Tuff Formation of
the Paintbrush Group; correlative to ISM 2.0 Tptpln

Vitrophyre near the base of the Topopah Spring Tuff Formation of the
Paintbrush Group; potentially zeolitized. In Ortiz et al., this unitis
related to TSw3 unit; in 1994 PA, this unit is related to TSwv unit

Nonwelded ashflows, bedded and reworked tuffs of the lower Topopah
Spring Tuff Formation of the Paintbrush Group and the upper part of the
Calico Hills Formation; potentially zeolitized. In Ortiz et al. this unit is
named CHn1. In the 1997 PA, zeolitized, in general, also means vitric,
and vitric was added to the definition.

Basal bedded and reworked zone of the Calico Hills Formation; poten-
tially zeolitized (CHn2 in Ortiz et al.); and upper partially welded ash-
flows of the Prow Pass Tuif Formation of the Crater Flat Group;
potentially zeolitized (CHn3 in Ortiz et al.)

Moderately welded, devitrified ashflows of the Prow Pass Tuff Formation
of the Crater Flat Group

a Ortiz et al. (1985) designated zeolitic zones based on Vaniman et al. (1984).

b Abbreviations are constructed as follows: Capital letters are the two- or three-letter abbreviations of the most closely related for-
mal geologic stratigraphic unit; following is lower case, one-letter abbreviation of the general degree of welding with w=welded to
moderately welded and n=nonwelded to partially welded; following are numbers that designate distinctive subunits, where appli-
cable. Note that for TS units, a one-letter abbreviation follows, with v =vitric; u=upper; m=middle; I=lower; following that is the
second lower case, one-letter abbreviation with n=nonlithophysal; I=lithophysal.

¢ Inthe 1894 PA, these units were grouped as TSw1 and TSw2 (see Figure 4-9b).
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Table 4-3, 1997 PA Thermal/Hydrologic Modeling Units modified from Ortiz et al. (1985)? (Continued)

Thermal/Hydrologic
Modeling Unit Name  Abbreviation® Definition
Upper Crater Flat, CFun Zeolitic, nonwelded to partiaily welded ashflows and bedded, reworked
nonwelded unit portions of the lower Prow Pass Tuff Formation and the upper Bullfrog
Tuff Formation of the Crater Flat Group; potentially zeolitized
Bullfrog, welded unit BFw Moderately to densely welded, devitrified ashflows of the Bullfrog Tuff
Formation of the Crater Flat Group
Middle Crater Flat, CFmn Zeolitic, partially welded to nonwelded ashflows and basal bedded,
nonwelded unit reworked portions of the Bullfrog Tuff Formation of the Crater Flat Group
(CFMn1 and CFMn2 in Ortiz et al.); and zeolitic, partially welded ash-
flows of the upper portion of the Tram Tuff Formation of the Crater Flat
Group (CFMn3 in Ortiz et al.); in the 1997 PA, hydrologic flow and trans-
port properties are assumed to be identical to CFun
Tram, welded unit TRw Moderately welded, devitrified ashflows of the Tram Tuff Formation of the

Crater Flat Group

a Ortiz et al. (1985) designated zeolitic zones based on Vaniman et al. (1984).

b Abbreviations are constructed as follows: Capital letters are the two- or three-letter abbreviations of the most closely related for-
mal geologic stratigraphic unit; following is lower case, one-letter abbreviation of the general degree of welding with w=wel!ded to
moderately welded and n=nonwelded to partially welded; following are numbers that designate distinctive subunits, where appli-
cable. Note that for TS units, a one-letter abbreviation follows, with v =vitric; u=upper; m=middle; I=lower; following that is the
second lower case, one-letter abbreviation with n=nonlithophysal; I=lithophysal.

¢ Inthe 1994 PA, these units were grouped as TSw1 and Tsw2 (see Figure 4-9b).

<

Grouping Units by Zeolitization. Ortiz et al. (1985) designated a horizontal surface representing “the upper limit
of prevalent zeolites” that cut the reference stratigraphy at a point above the current water table, generally below
TSw2 (see Figure 4-9b), but varying in elevation somewhat from borehole to borehole. They noted that, generally
speaking, zeolites formed in units that were originally vitric and porous (non- to partially welded) and were exposed
to groundwater for some length of time, with devitrified tuffs remaining largely unzeolitized. They listed TCw,
TSwl, TSw2, PPw, BFw, and TRw as not susceptible to zeolitization, whereas units PTn, TSw3 (TSwv), CHnl,
CHn2, CHn3, CFUn, CFMnl, CFMn2, and CFMn3, according to Ortiz et al., can be potentially zeolitized. PTn,
according to Ortiz et al., has not been observed as extensively zeolitized at Yucca Mountain,

Grouping by Sorption Factors. The 1994 PA (Rechard, ed., 1995, Table 5-2) incorporated additional modifiers
for modeling units using the rock properties: zeolitic (Z), vitricI: (V), and devitrified (D). The basis of this system was
a combination of observations by Ortiz et al. (1985) and Wilson et al. (1994). In TSPA-93, sorption was observed to
be dependent upon the rock type and thus the sorption coefficient, Ky, varied depending on the mineralogy of the sub-
strate. TSPA-93 defined sorption only as deposition on the surface of a solid, as opposed to the more general defini-
tion that includes absorption. High Kp values represent a greater capacity for retardation of transport of
radionuclides than lower K, values. TSPA-93 used expert elicitation for the sorption coefficient distributions, Xp,
for four materials per radionuclide of interest: devitrified tuff (D), vitric tuff (V), zeolitic tuff (Z), and iron oxide (Fe).
Iron oxide was added to represent degraded container material, because actinides are sorbed strongly by iron oxides.
Wilson et al. (1994) stated that the mineralogy of the different strata of the same rock group is very similar and sorp-
tion coefficients can be grouped in terms of these rock types, citing Thomas (1987) in support of this approach. For
further details see Wilson et al. (1994, Chapter 9). Table 4-4 gives the source of the modifiers represented by the
abbreviations D, V, and Z as used in the 1994 and 1997 PAs.

Considerations with Regard to Permeability Data. To establish rock properties such as permeability, zeolitiza-
tion, or other properties impacting flow and transport, data for porosity, welding, fractures, and other rock properties
must be assessed, which can be difficult because of a lack of uniformity of approach in collecting the data among
studies. In the 1997 PA, this iteration was modeled by means of a combination of data sources for rock properties that
impact permeability.
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Table 4-4. Designation of Rock Type Grouping for the 1997 PA Modeling Units
for Purposes of Association with Ky, Value Ranges from Wilson et al. (1994)

Thermal/Hydrologic KD/Rock Type .
Modeling Unit Designation Source
TCw D Ortiz et al., 1985
PTn Ve Ortiz et al., 1985
TSv Vo Ortiz et al., 1985
TSun, TSul, TSmn, TSH, TSIn® D Wilson et al., 1994
TSiv Vv Wilson et al., 1994
CHnv A Wilson et al., 1994
CHnz Z Wilson et al., 1994
PPw D Wilson et al., 1994
CFUn z Ortiz et al., 1985
BFw D Ortiz et al., 1985
CFMn z Ortiz et al., 1985
TRw D Ortiz et al., 1985

a Note the PTn was erroneously listed as D in Rechard, ed., 1995, Table 5-2.

b TSv was the vitric zone at the base of PTn in Ortiz et al. (1985), but is a separate zone
for the 1997 PA.

¢ These units were represented by TSw1 and TSw2 in the 1994 PA.

In the 1997 PA, porosity data were used to estimate thermal conductivity and bulk density. Figure 4-11 illus-
trates the method of estimating. Matrix porosity data (middle column) was constructed by combining data from sev-
eral wellbores; these data are related to the 1997 PA modeling units (right column). In addition, the breakout of
porosity data as calculated from a density log in wellbore UZ-16 is presented (left column). Combining wellbore data
to form a composite section (middle column) was necessary because data from all strata could not be collected in one
area, For example, at the approximate location of the composite column, near wellbore USW G-4, all TS subunits
were not present; therefore values for the TS subunits were taken from UZ-16 data and placed in the column at the
USW G-4 location. The composite section was hung using the elevation datum for USW G-4; note, however, that the
addition of the extra strata means that elevations for the composite column do not correspond with actual elevations at
USW G-4, but are an artifact of compositing. Nevertheless, these elevations and the composite thicknesses were used
in fitting the composite column to the modeling grid for the unsaturated zone (see Chapter 8). A comparison of the
results with the ISM 2.0 framework showed a reasonably similar correspondence of the units. Note also that the pro-
portionate thickness of units in the1994 PA came from a vertical column taken in the center of the repository area as
it was proposed at that time; for the 1997 PA, a composite column was constructed from the wellbore data previously
cited. Therefore, the two are slightly different in this respect (see Figure 4-9b).

Rautman (1995), the source of the porosity data in Figure 4-11, noted that the data represented a number of orig-
inal analyses performed with a variety of different measurement techniques, which meant that 20% porosity from one
source may not correspond to the same measurement from another source. Because this problem cannot be totally
avoided, Rautman made adjustments to minimize the impact. In using porosity models to get to values for thermal
conductivity, Rautman also had to distinguish welded from nonwelded rocks. After collecting the porosity data in a
histogram, he noted a distinct bimodal distribution with 10% to 12% porosity for welded tuffs and 25% to 35% poros-
ity for more lithologically diverse nonwelded materials (Rautman, 1995, p. 18). Overall, a threshold value of 20%
separated the majority of samples designated as welded from nonwelded, so Rautman used a threshold value of
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22.5% for this distinction when relating this property to thermal conductivity. This distinction can be seen in Figure
4-11.

The 1997 PA used Rautman’s (1995) data (and other sources as cited) to infer hydraulic conductivity and thermal
conductivity properties. Also, the porosity data from wellbore UZ-16 were compared with a density log from the
wellbore to infer the presence of lithophysae (see left column of Figure 4-11), where vapor phase alteration occurs.
Vapor phase alteration zones and lithophysae can appear on plots of core porosity data as zones of high (but nonuni-
form) porosity values in an otherwise relatively low porosity zone (Rautman, Sandia National Laboratories, personal
communication, 1997). For example, when welded zones such as the Topopah Spring Tuff (TS) units include zones
of erratically high porosity values (unit TSII; Figure 4-11), they are assumed to represent zones with lithophysae. Ifit
is assumed that the density log measures bulk density and, when converted to porosity, measures total porosity, and
that core porosity measures mainly matrix porosity, then the zones in which the two measurements diverge represent
areas of porosity sources that are of a larger scale than the matrix porosity. The 1997 PA assumed that these larger
scale porosity features were lithophysae and designated these zones in the Topopah Spring Tuff as lithophysal or non-
lithophysal accordingly.

4.3.2 Hydrology

Hydrologic flow, the movement of liquid (water) and gases through rock material and structural discontinuities,
is a physical process governed by gravity and the geometry of the geologic system. A description of the groundwater
flow system requires information about both stratigraphy and structure, because both have a combined effect on the
geometry of permeable pathways and impermeable barriers. Hydraulic gradient works to move water through the
geometry created by the structure and stratigraphy from areas of relatively higher potential to areas of relatively lower
potential. Hydraulic head measurements in wellbores and potentiometric gradient maps are used as calibration tools
to ensure that models are compatible with the current data.

The following discussion supports an understanding of conceptual model development for the 1997 PA and
focuses on descriptions of flow and transport in the unsaturated and saturated zones. Table 4-5 presents a comparison
of how hydrologic processes were modeled in the 1994 and 1997 PAs.

Hydraulic Properties of Tuff. Fridrich et al. (1994) observed the following with regard to the hydraulic proper-
ties of tuffs. Hydraulic properties of tuff depend upon their primary fabric including welding (dense welding
decreases primary porosity), presence of lithophysae (increases porosity), style of crystallization (finely crystalline
has lower porosity), bedding, and primary cooling fractures. The hydraulic properties are further altered by subse-
quent tectonic fracturing (adds permeability, more so to densely welded tuffs), lithostatic loading (can close frac-
tures), overburden removal (causes fracturing, which increases permeability), and diagenetic alteration (zeolitization
reduces porosity).  Fridrich et al. (1994) stated that densely welded tuffs are generally the most hydraulically con-
ductive layers in the systern, because they are intensely fractured and are less susceptible to zeolitic alteration. In
contrast, nonwelded tuffs are the least conductive, because they have little primary fracturing and have been altered to
zeolites in the saturated zone. The zones of highest permeability follow the zones where brittle, welded tuffs with
coarse fabrics are subjected to major tectonic stresses, such as in the area of large fault zones.

Effect of Zeolites. The presence of diagenetic zeolites, which lowers permeability in tuffs, has been cited as a
possible factor in lateral diversion of groundwater flow and perching of groundwater by Bodvarsson et al., eds.,
(1997). In addition, zeolites are widely recognized as an agent of mechanical filtration and sorption of molecules
moving in solution, with the potential to impact groundwater transport processes. The sorptive properties of zeolites
that might impact groundwater transport are discussed in Section 4.3.3, Geochemistry. Because groundwater follows
the path of least resistance (i.e., relatively higher permeability) as it moves in a gradient toward areas of relatively
lower potential, any strata or zone that has significant reduced permeability can cause lateral diversion or perching.
Lithologic zones characterized as “perching” layers by Bodvarsson et al., eds. (1997) occur in the TSw basal vitro-
phyre and the CHn, causing lateral diversion of groundwater. They also observed that lateral flow north of Drill Hole
‘Wash follows a southeasterly direction based on the vitrophyre top surface elevation and that in the lower Prow Pass
Tuff, low permeability zeolitic rocks could also divert flow. °
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Figure 4-11. 1997 PA modeling unit column (far right) showing wellbores used for composite and a plot of core
porosity values from those wellbores (middle). At far left is a breakout of the TS section from wellbore
UZ-16 showing a comparison of core porosity (represented by dots) and porosity plotted from a geo-
physical density log (line plot) for the TS subunits. Stratigraphic dip to the east of 4.6° has been added
to the modeling unit column.
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Table 4-5. Comparison of Modeling Approach for Hydrologic Systems and Processes for 1994 and 1997
DOE SNF/DHLW PAs
Phenomenon Modeling Simplification
Modeled 1994 PA 1997 PA
Two-phase flow and heat trans- 2D, two-phase flow coupled with heat Same -
port with phase changes conduction with water phase change
Large sorption of selected radio-  Four Kp (sorption coefficient) value Same
nuclides on tuff groups, three for devitrified, vitrified,
zeolitic rock groups
Exchange of 14CO, with H,CO®  Approximated with effective Kp Not modeled
in solution
Fracture and matrix flow
Unsaturated zone 2D, two phase, composite porosity Same
Saturated zone 3D, single-phase, dual porosity Same
Climate change with glacial cycle  Cosinusoidal increase and decrease = Same

causing temporal variation in
infiltration

Infiltration varied spatially with
elevation and geology

Fast-path flow of infiltrating water
in unsaturated zone

Effect of structural features on flow

Unsaturated zone

Saturated zone

Effect of lithologic heterogeneity

in infiltration

Not modeled

Not modeled

No structure modeled

Four fault zones modeled as low per-
meability zones; no bed offset in area
of fault zones

12 modeling units in unsaturated

-zone, internally homogeneous

Topopah Spring modeled as 3 units

Infiltration parameters enhanced in
two grid cell columns at point of high-
est elevation and at point over poten-
tial repository

Not modeled

Two fault zones as increased perme-
ability zones and bed offset; 4.6° east
dip

Effects of north-south and northwest-
southeast structural trends as hydro-

logic barriers, no bed offset; 4.6° east
dip and 0.1° south dip

12 modeling units in unsaturated
zone, internally homogeneous
Topopah Spring modeled as 7 layers,
6 different units

Lateral Flow. Lateral flow has implications for modeling the movement of released radionuclides from the

potential repository. YMP researchers have considered the possibility that lateral flow in the PTn layer in the unsatur-
ated zone above the repository could reduce flux through the potential repository by rerouting flux around it. It has
also been considered that lateral flow could actually reduce travel time to the water table if it caused groundwater to
bypass a low permeability (slow travel time) zone and hit a “fast path” downward at a fault zone (Bodvarsson et al.,
eds., 1997, 2.2.7). This situation could also cause groundwater to bypass the impacts of sorption, if the low perme-
ability zone were zeolitized. Past modeling studies have shown that the largest vector of groundwater flow is down-
ward and vertical (Rechard, ed., 1995; Altman et al., 1996) even when zeolitized zones are represented in the model
by a reduction of hydraulic conductivity (Altman et al., 1996). However, Altman et al. (1996) did not calibrate their
model to include perched water zones as in the analysis of Bodvarsson et al., eds. (1997). a-TSPA-97 M&O, 1997)
modeled several 2D vertical columns and a horizontal (lateral flow) column for their study, but did not investigate
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lateral flow in a 3D system. The 1997 PA did not calibrate the unsaturated or saturated zone models in a manner that
would support detailed study of lateral flow (such as calibration to perched zones); it assumed that vertical flow dom-
inated as indicated in the 1994 PA.

Hydraulic Gradients. Fridrich et al. (1994), citing Robison (1984), noted that below Yucca Mountain there are
three hydraulic gradients: a large hydraulic gradient, 0.15 or greater, which trends northeast-southwest north of the
potential repository, separating water table altitudes of 1030 m to 750 m northwest to southeast; a moderate gradient,
approximately 0.015, north of the large hydraulic gradient; and a very small gradient, 0.0001, covering most of the
area southeast of the large hydraulic gradient. Overall, the gradient is for flow toward the southeast in the area. The
potentiometric surface is shown with 1984 data (Figure 4-12) and 1993 data (Figure 4-13). Various studies have
noted that the large hydraulic gradient has significance in the saturated zone hydrologic system and have theorized its
cause, but no single theory explaining its origin has been widely accepted (Luckey et al., 1996; Fridrich et al., 1994;
Ervin et al., 1994). A 45-m step in the water table trending north-northwest in the area of the surface expression of the
Solitario Canyon Fault zone separates higher heads to the west of that zone from lower ones to the east of it. This step
is possible evidence that the fault zone causes a permeability barrier in the saturated zone (Luckey et al., 1996).

The saturated zone in the 1997 PA was calibrated using the potentiometric gradient and head values measured in
wellbores, and used permeability barriers to separate three general head trends. The model contained nine modeling
units (Figure 4-9b; see also Chapter 9) and four barrier zones that were modeled as discrete (one grid cell) low perme-
ability features. At the northwest corner of the grid, the approximate regional potentiometric value from Luckey et al.
(1996, Figure 8) was used for calibration as were wellbores WT-6 and G-2. These points lie in an area of relatively
higher head values across the northern part of the saturated zone study area, separated from a lower head zone to the
south by two low permeability zones and from lower heads on the east side of the study area by a low permeability
zone representing the possible influence of the Solitario Canyon Fault. The large hydraulic gradient lies in this north-
erly area of the model.

Two northwest-southeast trending low permeability zones in the model grid represent the possible influence of
the structural trends of the same orientation from Drill Hole Wash to Yucca Wash. These two zones are joined just
above wellbore WT-4 by a north-trending low permeability area, roughly corresponding to the location of the Bow
Ridge structural feature. The conceptual model supporting low permeability zones in the area of fault zones allows
for this effect to arise from a zone of low permeability fault planes or from juxtapositioning of low permeability strata
across from permeable strata. The 1997 PA modeling grid did not place low permeability grid cells in areas where
other major surface faults would be projected from surface expression to the saturated zone level. By inference, these
areas are conceptualized as permeable zones. The placement of low permeability grid cells and permeable zones in
the 1997 PA is somewhat different from the method used in the 1994 PA (Rechard, ed., 1995), but not conceptually
different.

In addition, to the gradients noted above, vertical gradients have been found in the Yucca Mountain area based on
measurements at ten sites as noted by Luckey et al. (1996). In some wellbores, potentiometric levels were found to be
higher in lower intervals of the Tertiary volcanics than in the upper levels. Potentiometric measurements in wellbore
UE-25P#1 in 1984 (Craig and Johnson, 1984) indicated that levels in the Paleozoic carbonate aquifer were about
21 m higher than in the Tertiary lower volcanic aquifer. Vertical hydraulic gradients allow for the potential for
upward groundwater flow from deeper aquifers, which creates the possibility that the saturated zone flow system
could act as a barrier to radionuclide transport in these areas. In the Yucca Mountain area, data from five wellbores
indicate an areally extensive upward gradient between the carbonate aquifer and the volcanic aquifers.

Groundwater Temperature. Ambient groundwater temperatures under central and southemn Yucca Mountain
are anomalously low, with a heat flow value one-half of that typical of the southern Great Basin (Sass et al., 1988).
Sass et al. attributed at least 80% of this effect to downwelling in the saturated zone. Weeks (1987) and Galloway et
al. (1991) support the concept that the remainder of cooling comes from unsaturated zone processes of evaporative
cooling with wind-, barometric-, and thermally-driven air circulation through the mountain. At the water table, there
are linear zones of elevated groundwater temperature (at least 10° higher than the lows in the area) trending generally
north, which coincide roughly to a downward projection of the Solitario Canyon, Abandoned Wash, Bow Ridge, and
Paintbrush Fault zones (Fridrich et al., 1994, Figure 8). Fridrich et al. cited (1989) to suggest that these hydrostruc-
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tural features may form pathways for upwelling water under Yucca Mountain, but Fridrich et al. proposed a mecha-
nism of upwelling caused by pressure rather than thermal buoyancy. This situation has implications for modeling of
the disposal system regarding the decision to treat the fault zones as saturated zone barriers to flow or permeable
zones, because indications of permeability to flow are mixed when thermal data are compared to potentiometric gra-
dient data. Modeling thermal effects in the hydrologic system remains under study in the YMP, but because precise
calibration of the model to thermal observations in the flow system was not a focus of the 1997 PA, it was not consid-
ered in this study. The saturated zone model did not handle heat at all. Ambient atmospheric temperature was input in
the unsaturated zone, with the focus of thermal modeling in relation to heat from the source term.

4.3.3 Geochemistry

The 1997 PA focused on near-field geochemical processes. In the near-field, geochemistry plays an important
role with regard to waste package corrosion and waste mobilization. The 1997 PA built on results of the 1994 PA,
which indicated that (Rechard, ed., 1995, Table 12-13):

o Inclusion of radionuclide sorption on tuff in the unsaturated and saturated zones greatly diminishes the
release of radionuclides.

e Only minute amounts of uranium and neptunium reached the water table in 10,000 yr, because they were
present in high quantity initially and were only moderately sorbed. Plutonium did not leave the waste dis-
posal region or reach the water table because of sorption on tuff. Between 10,000 and 50,000 yr, additional
amounts of uranjum (233U, 234U) and large amounts of neptunium (233Np) reached the water table.

» High silica concentration in groundwater reduced the solubility of uranium in groundwater.

Oxidation potential (Eh) and therefore, modeling transport of O, from the surface to the repository horizon is an
important focus of the 1997 analysis. The BRAGFLO_T code modeled oxygen transport with varying oxygen con-
tent to compare outcomes related to oxygen depletion, especially from rusting of waste containers. Other geochemi-
cal parameters used in the 1997 PA were treated as constants and most were taken from Wilson et al. (1994). For the
1997 PA, the silica concentration in groundwater was not varied, because its effect was modeled in the 1994 PA.
Based on new data, solubility of 23’Np was decreased by two orders-of-magnitude for the 1997 PA.

Geochemistry/Mineralogy of the Host Rock. The Paintbrush Group makes up the bulk of the outcropping sec-

tion at Yucca Mountain and comprises the thickest part of the unsaturated zone. As shown in Figure 4-9a, the |

Topopah Spring Tuff Formation is the thickest Paintbrush Group formation. The mineralogy of the entire unsaturated
zone section has an impact on the groundwater geochemistry of infiltrating and percolating water. Topopah Spring
Tuff mineralogy and other rock properties also impact thermal and mechanical effects in the potential repository area
(see “Geologic Framework” in Section 4.3.1). In the potential repository area at Yucca Mountain the following gen-
eralizations apply to the Topopah Spring Tuff lithology, which is the source of some rock properties for the TS mod-
eling units (DOE, 1998b, p. 1-64).

In the lower three-fourths of the formation phenocrysts (large, early-formed crystals) are <2% of the rock and are
sanidine, plagioclase (andesine to oligoclase), with minor quantities of quartz, biotite, amphibole, iron-titanium
oxides, allanite, and zircon. The texture changes in the upper fourth of the formation where phenocrysts make up
22% of the composition with clinopyroxene as a minor addition. Groundmass texture (crystals <4 mm) comprises the
bulk of the formation and has a composition that includes a range of 76 to 78 wt% SiO, with Al,O3 next in abundance
at just under 12 to 13 wt% and other minerals as shown in Table 4-6. The values in Table 4-6 are from an analysis of
samples from USW G-4 (Broxton et al., 1986) from a vitric unit with a composition that was representative of the
majority of units in the well. The values in Table 4-6 are similar to those shown in the SCP (DOE, 1988b, Table 1-5,
p. 1-69), which gives a breakdown of composition by subunits (lower nonlithophysal, etc.). A third textural and min-
eralogic phase is vapor-phase, which results from the presence of gases concentrated in the upper part of a cooling
unit. Vapor-phase minerals in the lithologic zones correlative to the TS modeling units are mostly cristobalite and
alkali feldspars. Devitrification of metastable vitric (glassy) material occurs soon after deposition and continues over
time to produce cristobalite, feldspar, and tridymite. Secondary alteration of the tuff results in anhydrous minerals
such as feldspar, calcite, and quartz, or hydrous smectites, zeolites, and manganese minerals (Parsons et al., 1991).
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Table 4-6. Composition of Representative Subunit of the Topopah Spring Formation from Wellbore USW/G-4

4.3 Site Characterization

Topopah Spring Tuff
(TSv modeling unit?®)
Oxides Percent Weight
So.  mw A
A 1240 L
KO _as 4
Na,0 3.40 YuccaM. b
B’ N S e e op e
,Ca0 0.66 B
MgO T, 031 N Wf\_. e oo
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‘P205 . . ,0;0,1.. e e ] ,/,fb”
U0, 0.000465° T
Total 99.82 0001001 01 1 10 100
Percent Weight
TRI-6342-5447-2

a Broxton et al., 1986, App. A; USW G-4 at 1279 ft depth evaluated by x-ray fluorescence.

b Caporuscio and Vaniman, 1985, estimates Fe(ll) oxide in minerals in Yucca Mountain to vary between 0.16 and 0.33%, which is
higher than found by Delany (1985) (see Table lil).

c Broxton et al., 1986, App C; USW GU-3 at 1322 it depth (TS modeling unit) evaluated by neutron activation; uranium content
increases with depth and reaches values as high as 0.0012.
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Overall, the Topopah Spring Tuff formation is mostly rhyolite (quartz phenocrysts with biotite the dominant mafic
mineral), with an upper caprock of latite (lacking quartz phenocrysts and having a variety of mafic minerals). The
mineral assemblage noted in the previous paragraph is implied to accompany the presence of lithophysae in a model-
ing unit designation. The presence of lithophysae is modeled as increasing the insulating capability of the rock
around the potential repository, because of its air pockets, which are less thermally conductive than denser rock mate-
rial.

Retardation Processes. Geochemical retardation processes include sorption, precipitation, and slow migration of
radionuclides, thereby allowing longer times for decay during travel. Correlation of sorptive behavior with mineral-
ogy was-identified early on in site characterization studies (DOE, 1988b, Chapter 4). Sorption of alkali metals
(cesium) and alkaline earths (strontium, barium, radium) is found in the presence of minerals with exchangeable cat-
ions such as zeolites and potentially, smectite clays. The term “zeolites” includes a large group of hydrous silicates
called framework aluminosilicates with Na and Ca, and highly variable amounts of water in the voids of the frame-
work. They adsorb molecules that have interacting effects, because the aluminosilicate framework has a net negative
charge balanced out by interchangeable cations (Breck, 1983). Zeolites also separate molecules by size and geometry
in a manner related to the size and geometry of the zeolite framework.

Silicic volcanic glass of the type comprising much of Yucca Mountain is the most common source of the alumi-
nosilicate material from which most zeolites evolve in sedimentary and volcanic rocks. Occurrence is mainly in sub-
surface fractures and vesicle fillings in areas exposed to meteoric water infiltration. In a hydrologic system such as
that at Yucca Mountain, zeolitization can affect thousands of vertical feet of tuff and produce chemical zonation by
development of different types of zeolites. At Yucca Mountain there are also other sorptive minerals, the clay minerals
smectites, that are widespread throughout the units underlying the Topopah Spring Tuff.

Geochemistry/Groundwater. Groundwater geochemistry is linked to processes involving the entire hydrologic
system of the Yucca Mountain area, and is the product of highly complex, imperfectly understood interactions. As an
example for the unsaturated zone, the recently completed draft of the comprehensive study for the Site-Scale Unsatur-
ated Zone Model for the VA (Bodvarsson et al., eds., 1997) noted the following major problems that contribute con-
siderable uncertainty to any quantitative hydrochemical analysis: episodic storms with high water input, changing
climate with changing precipitation, spatial distribution uncertainties related to incomplete data on structural and
hydrologic heterogeneity at Yucca Mountain, and the meaning of chlorine-36 data. These are only a small part of the
uncertainties that impact the assumptions made by the 1997 PA.

Precipitation. Groundwater chemistry begins with precipitation chemistry that is analyzed from data routinely
collected at four sites in the state of Nevada and summarized in Bodvarsson et al., eds. (1997, Chapter 14 and Appen-
dix A). Bodvarsson et al., eds. (1997) rioted that these results show precipitation varies widely in total dissolved sol-
ids content from location to location and from year to year in a given location, but that the dominant neutral salt
components in Nevada precipitation are calcium sulfate, ammonium nitrate, and sodium chloride. Most of these salts
originate in precipitation or as dust and are concentrated through evaporation and evapotranspiration at or near the
surface. They also observed that by the time groundwater has percolated to the Topopah Spring Tuff, it is saturated in
the primary mineral components of the tuff, which include sanidine, cristobalite and minor plagioclase. Their studies
of pore water as it migrates into the Calico Hills Tuff Formation have shown changing levels of Mg, Ca, and Na,
which probably occurred as ion exchange with the zeolites clinoptilolite and mordenite, with Mg possibly lost by pre-
cipitation of a hydrated magnesium silicate in the Topopah Spring Tuff. They also noted that Opal-CT and calcite are
typical diagenetic precipitates on fracture surfaces and on the walls of lithophysae citing the work of Fabryka-Martin
et al. (1996). These observations are part of what the authors call the “...first stage of an attempt to integrate the
hydrochemistry of the hydrology of the vadose zone at Yucca Mountain...” confirming the idea that the groundwater
geochemical system in the unsaturated zone is very dynamic and still not well characterized. Uncertainties in many
process models for vadose zone interactions are impacted by incomplete understanding of vadose zone geochemistry.

The natural radiotracer 3C] has been used in unsaturated zone studies to estimate pore water age, and its pres-
ence in fractures deep in the unsaturated zone has been analyzed as evidence to support the “fast path” infiltration
concept. Bodvarsson et al., eds. (1997) state that there is strong evidence of the presence of “bomb-pulse” 36Cl,
meaning anomalously high concentrations of 36C] as a result of atmospheric weapons testing during the fifties, asso-
ciated with ESF tunnel wall fractures. Recent studies by Fabryka-Martin et al. (1996) and Levy et al. (1997), which
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also found elevated levels of 3H, support this observation from which it can be inferred that surface waters have
moved to significant depths through fractures over the last 40 yr. They also found no intact rock samples with these
elevated levels of 3°Cl. In the ESF, the Drill Hole Wash Fault and Ghost Dance Fault had 30Cl levels that indicated
that they were high permeability zones. Study continues on the significance of 36C1 and the meaning of these analy-
ses, as some researchers are not convinced that the concentrations observed are necessarily related to atmospheric
testing. However, the current YMP emphasis on developing appropriate process models to capture the effects of
“fast-path” infiltration is largely fueled by “bomb-pulse” data.

Saturated Zone Groundwater Chemistry. Groundwater chemistry is also an important indicator by which the
regional saturated zone flow pattern is being defined. Winograd and Thordarson’s (1975) comprehensive study of the
hydrochemistry of the South-Central Great Basin found three general geochemical types of groundwater in the area
of the Nevada Test Site: sodium and potassium bicarbonate; calcium and magnesium bicarbonate; and mixed calcium
magnesium sodium bicarbonate from mixing of the first two types. They also note two more restricted geochemical
facies associated with “wet” playas and some springs. In general, groundwater chemistry reflects the interaction of
water and the reactive components of the soil cover and rock through which it passes. If water moves only through
silica rich tuff or tuffaceous alluvium, it has a sodium-bicarbonate nature; if it passes only through the lower carbon-
ate aquifer or valley fill rich in carbonates, it has a calcium and magnesium bicarbonate nature. Winograd and Thor-
darson (1975) stated that saturated zone groundwater at Yucca Mountain probably comes from subsurface flow from
the north derived from recharge at higher altitudes and flows southward from the Yucca Mountain area toward the
Amargosa Desert (Figure 4-6).

Table 4-7 shows the results of analysis of groundwater samples from four wells in the Yucca Mountain area (well
locations are shown on Figure 4-1). The first nine rows of the table show element concentrations, the next seven rows
show anion concentrations, and the pH and Eh are indicated in the last two rows. The dominant cations in the ground-
water are sodium, calcium, potassium, and magnesium. Coilected water samples from Wellbore UE-25P#1 in the
carbonate aquifer show high cation concentration (sodium and calcium) and a high content of the bicarbonate anion.
Total dissolved solids for UE-25P#1 are 1000 mg/l, while samples from other wells vary between 200 and 400 mg/l
(Ogard and Kerrisk, 1984). Wellbore USW G-4, which is located on Yucca Crest just south of the potential repository
location, shows a high sodium content like UE-25P#1, but a much lower calcium content. This wellbore also contains
the most reducing Eh and the highest pH among the wells listed in the table. Most of the water from the wells were
analyzed as having a pH close to neutral. The groundwater compositions of wellbore G-4, located just east of the
potential repository area, and J-13, located farther southeast, are very similar to each other. In general groundwater at
Yucca Mountain is oxidizing (DOE, 1988b, p. 4-146). However, Table 4-7 illustrates that water from the Tram Tuff
aquifer (TRw modeling unit) in wellbore USW H-3 is reducing and could reduce radionuclides such as uranium to
their more insoluble oxidation states. In simulations, most movement of radionculides in the aquifer occurs in units
closer to the water table (Rechard, ed., 1995), meaning that the reducing potential of deep waters may not be signifi-
cant. More important, the extent of the reducing potential for this well and others must still be confirmed through fur-
ther in situ measurements. Water conditions bounded by samples from wellbores J-13 and UE-25P#1 were used to
define distributions for the solubility of radioisotopes in an oxic environment.

Solubilities. Solubility is a function of the groundwater chemistry and temperature (also pressure, theoretically,
but not practically). The groundwater chemistry is expressed as the pH", Eh?, and dominate species (e.g., cations and
anions) in the water. For an actinide in a particular oxidation state, the solubility tends to decrease with increasing
pH. Also, the solubility of a particular actinide tends to increase with increasing oxidation states, and the solubilities
of some actinides are quite similar at the same oxidation state. Generally, the actinides can exist in the +3, +4, +5,
and +6 oxidation states (e.g., plutonium can exist in all oxidation states). Uranium commonly exists as +4 (U(IV))

and +6 (U(VD).

Observed solubilities of both UQV) and U(VI) in a natural, somewhat reducing environment are low, averaging
around 10" mM (Cramer and Smellie, eds., 1994) (Figure 4-14). However, in carbonate-saturated waters in an oxi-

pH is defined as the negative log,g of the hydrogen ion concentration [H*], so that pH 5 means a hydrogen ion concentration of 105 moles/
liter. pH <7 is acidic, pH =7 is neutral, pH > 7 is basic.

¥ Ehis the redox potential and is a measure of the ability of a solution to oxidize or reduce species in solution. Eh is defined by the Nemst equa-
tion for a half-reaction written as a reduction chemical reaction in comparison to the standard hydrogen reaction.
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4. System Characterization: Geologic Barrier

Table 4-7. Composition of Water Samples from Four Wellbores in Vicinity of Yucca Mountain
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Ogard and Kerrisk (1984) note that water might have contained air from drilling process.
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4.3 Site Characterization

dizing environment, the solubilities of uranium are higher (>10'3 mM) (Samama, 1986). In the tuff environment,
high silica concentrations are found in groundwater percolating through the rock (Nitsche et al., 1993; Duffy, 1993),
and the dominant species limiting the concentration (and thereby solubility) of radionuclides at Yucca Mountain is
thought to be silica (SiO,) (Bruton and Shaw, 1988; Bruton et al., 1990). The average concentration of uranium con-
trolled by the uranyl silicate, uranophane, is slightly higher. Leslie et al. (1993) reports an average solubility around
~102% mM 23x%x 1073 kg/m3) at Nopal I and in laboratory experiments.

In conjunction with performance assessments for the Yucca Mountain Project, analysts have combined expert
opinion with parameter values from calculations that account for differences in values for parameters in a repository
environment that influence the solubility. Expert opinion defined the range of solubility by providing distributions for
the solubility of uranium and plutonium in an oxic environment, assuming water conditions are bound by J-13 and
UE-25P#1 well water in the underlying aquifer (Wilson et al., 1994, p. 9-6). The expert panel values for uranium
ranged from 107 to 10! mM (Figure 4-14).

The values were substantiated by means of EQ3/6 (version EQ3/6-V7-REL-V7.2a [Wolery, 1992a; 1992b; Wol-
ery and Daveler, 1992]), a code for simulating interactions of groundwater and solid mineral phases in the natural
environment assuming thermodynamic equilibrium. Similar to the assumptions used in the expert opinion solicita-
tion, calculations were performed assuming only oxic conditions. The unsaturated zone was conceptualized as an
open system with O, and CO, in equilibrium with the atmosphere (fugacities were fixed at 107 and 1035, respec-
tively [Delany and Wolery, 1984]). The J-13 well water represented the groundwater. A saturation-limited model
(Kerrisk, 1984) was used, which permitted radionuclide concentrations in the waters to reach maximum concentra-
tions. In the calculations, the solubility of uranium was found to be highly sensitive to pH (run at 5.9, 7, 8, and 9) and
temperature changes (run at 25°C, 60°C, and 100°C). The solubility of U(VI) also increased with the formation of
carbonate species, as noted by Nitsche et al. (1993) in experiments using J-13 well water. When the silica concentra-
tion was constant in the solution, the uranium solubility ranged from 1036 to 1044 mM (based on pH, temperature,
and carbonate present). When silica was allowed to deplete in the solution, the uranium solubility ranged from 10741
to 10°1-7> mM. Under oxic conditions, the solubility of plutonium was controlled by equilibrium with PuO; solid and
found to be extremely low: 10" to 107 mM, in agreement with the studies by Allard (1982). Because PuO, forms
slowly, the solubility of plutonium was also calculated by suppressing the formation of PuO,. In this case, the solu-
bility ranged between 1055 to 1035 mM. These calculated extremes were larger than the extremes estimated by the
expert panel for plutonium (Wilson et al., 1994, p. 9-6) (Figure 4-14).

For the solubility of Np, we used arange of 1.6 X 1010t63.9 % 100 M witha loguniform probability distribution
for the 1997 PA. This range is based on laboratory studies of the reaction of spent fuel or borosilicate glass with sim-
ulated Yucca Mountain groundwater under static or flowing conditions by Rai et al. (1982), Wilson (1990a, 1990b),
Wilson and Bruton (1990), Finn et al. (1995), and Gray and Wilson (1995). These investigators directly determined
the quantities of Np released, or provided information from which the quantities of Np released were calculated
assuming congruent dissolution. -

This range is significantly lower than the range of 1.00 X 107890 t6 1.00 x 10290 M used with a B or a cumula-
tive probability distribution for the 1994 PA (Rechard, ed., 1995) because it does not include the high dissolved Np
concentrations observed in the laboratory studies by Nitsche et al. (1993, 1994). We excluded Nitsche’s data because
his oversaturation experiments do not simulate expected Np concentrations during release from spent fuel and glass in
the potential Yucca Mountain repository.

Nitsche et al. (1993) carried out oversaturation experiments by adding the Np(V) species NpO,™ at high concen-
trations (on the order of 10°3 or even 102 M) to J-13 groundwater at a pH of 5.9, 7.0, or 8.5 and a temperature of
25°C, 60°C, or 90°C. J-13 simulates groundwater from the saturated zone beneath the repository. After a few
months, the Np concentrations decreased to (apparent) steady-state values of (4.4x0.7)x 10° to
(6.4 +0.4)x 103 M (depending on the pH and temperature) as phases such as NaggNpO,(COs3)gg:2.5H,0,
NaNpO,(CO,):2H,0, and Np,Os precipitated. Nitsche et al. (1994) used similar methods and conditions, but substi-
tuted UE-25P#1 for J-13, started the experiments at somewhat lower Np concentrations (on the order of 105 t0 1073
M), and omitted the 90°C runs. UE-25P#1 also simulates groundwater from the saturated zone, but has an ionic
strength about an order of magnitude higher than J-13. In these experiments, the Np concentrations decreased to
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Figure 4-14. Assumed solubility of uranium and plutonium under oxic and reduced conditions in J-13 and UE-
25P#1 well water at Yucca Mountain, Nevada. For purposes of comparison, the solubilities of uranium
and plutonium used in other analyses are also shown.

4-38 September 30, 1998



Nty
'

o sy

4.3 Site Characterization

(apparent) steady-state values of (7.0 £ 0.6) X 10 to (2.9 £ 0.6) x 103 M due to the precipitation of “sodium neptu-
nyl(V) carbonate hydrates.” Nitsche et al. (1994) did not specify the exact composition of these precipitates.

Experimental chemists and geochemists frequently determine the solubility of a solid phase by approaching the
same, steady-state, dissolved concentration of an element in the solid from conditions of oversaturation and undersat-
uration. Nitsche et al. (1993, p. 9) stated “The approach from oversaturation consists of adding an excess amount of
the element in soluble form to the ... solution and ... monitoring the precipitation of insoluble material until equilib-
rium is reached. The solid formed must then be isolated and characterized. The approach from undersaturation con-
sists of dissolving a well-defined solid in a ... solution until equilibrium is reached. In both cases, the [dissolved]
concentration is measured as a function of time until equilibrium is reached.” Nitsche et al. (1993, p. 10) also stated
“For unknown systems, one should first perform experiments approaching steady-state concentration from oversatu-
ration and ... characterize the solids. This has the advantage of not specifying the solid that controls solubility but of
allowing the system under investigation to determine the solid that will precipitate. These solids should be synthe-
sized for use in confirmation experiments that approach steady state from undersaturation.” Nitsche et al. (1994, p. 8)
essentially restated this as “The approach from undersaturation consists of dissolving the same well-defined solld
[precipitated in an oversaturation run] ... until equilibrium is reached.”

No chemist nor geochemist would argue with the need to demonstrate solubility equilibrium by approaching the
same, steady-state, dissolved concentration from conditions of oversaturation and undersaturation. However, Nitsche
et al, (1993, 1994) did not carry out any undersaturation experiments. Therefore, it is possible that the Np concentra-
tions would be significantly lower than those reported by Nitsche (1993, 1994) throughout much of the period of per-
formance considered by the 1997 PA. Furthermore, use of the same solids precipitated in these oversaturation
experiments for a confirmatory undersaturation run, or for predicting Np concentrations during dissolution of spent
fuel or high-level-waste glass in the potential Yucca Mountain repository, is inappropriate.

Np(V) solids such as Nag gNpO4(CO3)q 3:2.5H,0, NaNpO,(CO3):2H,0, and Np,O; are unstable with respect to
the Np(IV) solid NpO, under any conditions expected in Yucca Mountain. Therefore, the steady-state Np concentra-
tions observed by Nitsche et al. (1993, 1994) in their oversaturation experiments would be metastable solubilities
even if they had observed the same concentrations in undersaturation runs carried out under the same conditions. Np
is present in spent fuel as NpO,, probably in solid solution with UO, in the matrix. Because the solubilities of NpO,
and other Np(IV) solids are orders of magnitude lower than those of Np(V) solids under the same conditions, dissolu-
tion of NpO, in spent fuel would result in Np concentrations orders of magnitude lower than those observed by
Nitsche et al. (1993, 1994). In fact, the Np concentrations for spent fuels and glass under static and flowing condi-
tions ranged from 1.6 % 101910 3.9%x 10° M (see above). These concentrations are too low for nucleation and
growth of Nag gNpO,(CO3)q g:2.5H,0, NaNpO,(CO,):2H,0, and Np,Os, and other phases precipitated in the stud-
ies of Nitsche et al. (1993, 1994).

Transport Processes. Geochemical processes by which radionuclides may be transported away from the reposi-
tory to the accessible environment include adsorption on natural colloids or the formation of radiocolloids. Naturally
occurring colloids in groundwater arise from smectites, vermiculites, illites, kaolinite, and chlorite. Radiocolloids
(colloids containing radionuclides) may arise from a variety of sources including corrosion of canister material and
degradation of engineered backfills (DOE, 1988b, Chapter 4). Colloidal systems are laroe molecules or small parti-
cles suspended in a solvent with at least one dimension within the size range 10 t0 10%m (Parsons et al., 1991).
They function well as adsorbents due to their large surface area, which has a relatively high electrical charge that
facilitates ionic exchange. Colloids may also coalesce or precipitate. They behave in a manner different from dis-
solved species, and some investigators (Apps et al., 1982; Bonano and Beyeler, 1985; Champ et al., 1982) have con-
cluded that radionuclides can be transported faster as colloids than as a dissolved species. However, their large size
may contribute to their being retarded by physical filtering in a zeolitic zone or in a matrix with small pores, which
means that migration through fractures is the most likely pathway for colloids (Tsang and Mangold, 1984). The
implication here is that if transport in the unsaturated or saturated zones is thought to be predominantly through the
matrix, retardation of colloidal transport is more likely to occur than if transport is predominantly through fractures.

Sorption. As more fully described below, sorption is the accumulation of material at the interface of another
material. Adsorption of fissile material can occur in several locations throughout the disposal system. As an illustra-
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4. System Characterization: Geologic Barrier

tion, three locations are considered: corrosion products (primarily rust) of a container, devitrified tuff, and zeolitic
tuff.

Sorption refers to the reversible accumulation of material at the interface of another material. Actinide adsorp-
tion commonly occurs on clays, organic matter, and iron hydroxides; in the natural environment, these materials often
have uranium concentrations higher than background levels. Adsorption subsumes several different mechanisms
(e.g., surface complexation and ion exchange)*; hence the factors influencing adsorption are the factors that influence
the various mechanisms that contribute collectively to adsorption.” Generally adsorption is dependent upon the
nature of the contaminant (e.g., molecular size, weight, and charge) and surface (e.g., functional organic groups), the
concentration of the contaminant in solution, and the surface area and density of active adsorptive sites on the immo-
bile solid. Given a specific adsorptive surface and contaminant, factors influencing adsorption include pH, Eh, tem-
perature, and pressure as they influence dominant species [e.g., UIV) or U(VD)] of the adsorbate, the condition of the
adsorbent surface, and the ionic strength through its influence on the diffuse double layer or competition for adsorp-
tive sites.

For both ion exchange and surface complexation, only a limited number of areas (“adsorptive sites”) exist on a
surface area. Although the number of active sites can be far less than a theoretically or physically estimated number
of sites, because the size of the adsorbing material can vary greatly, the estimate does provide an upper bound.

For modeling, adsorption in geologic media is most often expressed as the distribution of material between liquid
phase (here, the mobile uranium and plutonium radioisotopes in natural water) and the immobile host rock, in this
case, volcanic tuff. The coefficient expressed by the linear, Freundlich isotherm model is the “distribution coeffi-
cient” (Kp) (see Appendix A):

xm=KyC, 4-1)
where
X = the mass of attached adsorbate on the solid,
m = the mass of immobile solid,
C. = the equilibrium concentration of the adsorbate in the solution.

The Freundlich isotherm was one of the first developed and has been frequently used for adsorption of cation
species in low concentrations in liquids where the kinetics of adsorption are fast. However, the validity of the Freun-
dlich isotherm can be compromised when used in a geologic system, because (1) multiple adsorption sites are avail-
able since tuff is composed of several minerals, (2) the character of the exposed minerals can change spatially, and,
(3) chemical equilibrium between species of Pu(IIT) and Pu(IV) or U(IV) and U(VI) can potentially take hundreds of
years.

Various surface complexation models such as double layer, triple layer, and constant capacitance models have
been proposed (Kent et al., 1988). Although these models represent a more robust modeling approach because chem-
ical properties of the adsorbate and adsorbent are evaluated, they have several fitting parameters that must be deter-
mined for the chemical system. In addition, these models require detailed modeling of the water chemistry.
Mechanistic modeling has been applied in industrial situations for trace element adsorption onto iron oxyhydroxide
(e.g., Papelis and Leckie, 1988). However, these models are only slowly replacing the linear Freundlich isotherm
model for geologic situations because data for evaluating the fitting parameters of the complexation models are not
readily available nor are species data for detailed modeling of the water chemistry.

% Although precipitation can also retain radioisotopes on the surface, herein, precipitation is not considered a mechanism of adsorption. It is
considered separately below because its behavior is different at various concentrations. Specifically, precipitation retains a species only when
the aqueous species exceeds its solubility limit; thus, precipitation provides an upper limit to the amount of species that can be transported
away. In contrast, the activity (concentration) of the radioisotopes determines the amount adsorbed for the adsorption mechanisms mentioned.
Because adsorption was attributed initially to only one of a few possible mechanisms, rather than all, geochemists prefer to use the more inclu-
sive term “sorption.”

L2
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In this report, the analyses have relied upon ranges and distributions for the distribution coefficient (Kp) from
YMP expert judgment to properly reflect the uncertainty in the data from experiments (Wilson et al., 1994) (Figure
4-15). Both Jacobsson and Rundberg (1997) and Langmuir (1978) report very high distribution coefficients for ura-
nium on alumina and goethite, respectively, in the absence of carbonate.i’ However the presence of carbonate drops
the adsorption three orders of magnitude (Hsi and Langmuir, 1985), especially at a higher pH as might occur due to
the presence of concrete, and is reflected in the estimates for rust from Wilson et al. (1994). For Np, we used separate
Kps for Np in Fe-bearing corrosion products, zeolitic tuffs, and nonzeolitic (vitric and devitrified) tuffs for the 1997
PA.

For Fe-bearing corrosion products, we used a range of 0 to 2000 ml/g with a uniform probability distribution.
The upper limit of this range is based on a recent batch-sorption study with zeolitic tuff in contact with pure, synthetic
hematite (Fe,05) in contact with J-13 groundwater at a pH of 7.4 to 7.6 (see Triay et al., 1996a, p. 19). These values
are identical or very similar to the average J-13 field pH of 7.4 reported by Harrar et al. (1990). Triay et al. (1996a)
also reported that decreasing the pH of J-13 in contact with hematite from a range of 7.4 to 7.6 to a range of 6.7 to 6.9
decreases the Np Kp from a range of about 100 to 2000 ml/g to a range of 200 to 900 ml/g. However, it is unclear
whether this difference is significant or simply a result of the lack of precision in quantifying Kps when the dissolved
concentration of 237Np after a sorption experiment is low. The lower limit of this range is based on the observation by
Triay et al. (1996a) that “Although the ... sorption of Np ... onto pure hematite is large, [Np] sorption onto devitrified
tuffs, which appear to have traces of hematite (1% =+ 1), is essentially zero. This result could be due to differences in
the surface of pure hematite compared to hematite in tuff. It could also be due to passivation of the hematite surfaces
in the tuff by elements (such as the rare earths) that have a higher affinity for hematite than neptunium ... and, thus
occupy the sorption sites.”

For zeolitic tuffs, we used a range of 0 to 3 ml/g with a uniform probability distribution. The upper limit of this
range is based on batch-sorption experiments with zeolitic tuff in contact with J-13 groundwater at a pH of 7.0 to 7.3
(Triay et al., 1996a). Furthermore, a column-transport study with crushed zeolitic tuff supports a value of 3 ml/g for
this rock under in situ conditions (Triay et al., 1996b). However, Triay et al. (1996a) also reported that increasing the
pH of J-13 in contact with zeolitic tuff from about 7 to 8.5 decreases the Np Kp from about 3 to 1.5 ml/g. Robinson
et al, (1996) attributed this decrease to complexation of the dissolved Np(V) species NpO,* by CO32' or OH™: clinop-
tilolite (the main mineral in zeolitic tuffs) sorbs NpO,* (the dominant dissolved Np species under acidic and neutral
conditions), but does not sorb species such as NpO,(CO3), NpOz(CO3)23', NpO,(OH)®, and NpO,(OH),", (the dom-
inant Np species under basic conditions). Furthermore, Robinson et al. (1996) concluded that in saturated-zone
groundwater such as UE-25P#1, complexation of NpO,* by CO32' and OH" becomes significant at pH values about
one unit lower than in J-13. Reactions between groundwater and cementitious materials in the drifts (drift liners,
inverts, etc.) could increase the pH of unsaturated-zone fluids from neutral or nearly neutral to basic or very basic val-
ues; these basic conditions could persist along a significant portion of the flow path before dilution by uncontami-
nated groundwater or reaction with tuffs neutralizes them. Therefore, we used a lower limit of 0 ml/g and a uniform
distribution for the range in zeolitic tuffs.

For nonzeolitic tuffs, we used a value of 0 ml/g for the Np K. This value is based on the conclusion by Triay et
al, (1996a) that “The sorption of Np(V) ... in J-13 water onto devitrified and vitric tuffs, albite, and quartz is essen-
tially zero.”

4.3.4 Climate

The effect of climate on the disposal system is related to its impact on the hydrologic system, the atmospheric
influences on the unsaturated zone, and the impact of the glacial cycle on increasing precipitation and possibly raising
the water table in the future. In addition, climatic factors can affect biosphere modeling. The overall suitability of the
potential repository site is closely related to the site’s dry climate, subsequent low infiltration rates, deep water table,
and low population density which, in part, is related to sparse water resources.

t  Samama (1986, Figure 6-1) reports a Kpof 15 m3lkg for a natural goethite-rich sample in 1 mM NaCl solution, but this value is still not
enough to cause criticality.
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4. System Characterization: Geologic Barrier
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Figure 4-15. Estimates of distribution coefficients for uranium and plutonium adsorption on rust (i.e., goethite) and
volcanic tuff at Yucca Mountain, Nevada, in J-13 well water.
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4.3 Site Characterization

The potential repository site at Yucca Mountain is located in an area that is arid to semi-arid and has long, hot,
dry summers and short, mild winters with thunderstorms periodically from April through October. Winds are gener-
ally gentle, but can be strong in the spring and during storms. Annual precipitation is low overall; although it
increases at higher elevations, it is still limited. Summer temperatures are also cooler at higher elevations. In general,
humidity is low, evaporation is high, and vegetation is sparse and mostly xeric. Yucca Mountain’s climate fits the gen-
eral climatological classification of midlatitude desert (modified Keoppen system per Critchfield, 1983). In midlati-
tude deserts there are large fluctuations in temperature annually and diurnally with significant variability in

precipitation from year to year (DOE, 1988b, Chapter 5). Table 4-8 provides some representative average, minimum,

and maximum values for basic meteorologic measurements either at Yucca Mountain or from nearby stations. Figure
4-16 shows the location of weather stations in the vicinity of Yucca Mountain, including at Yucca Flat, which is cited
as having weather representative of that at Yucca Mountain.

Table 4-8. Climate and Meteorological Conditions Typical for Yucca Mountain®

Temperature Average annual daily maximum, 22.5°C (72.5°F)
Average daily minimum, 3°C (37.4°F)
Daily maximum average (July), 35.6°C (96.1°F)
Daily minimum average (December), 6.7°C (19.9°F)

Relative Humidity Minimum monthly average, 25% (June or July)
Maximum monthly average, 55% (December)
Annual average, 53% (4 a.m.)

Wind Speed 5.4 m/s (12 mph) with diurnal variation related to heating,
southerly to northerly predominant with terrain affecting local direction

Pressure® Annual average, 26.1 in.

Precipitation Annual average 133 mm

Daily maximum 89 mm®

a Some data are from weather stations in the vicinity of Yucca Mountain, especially at Yucca Flat, where
longer term data have been collected. DOE (1988b) is the source of these data, except as cited.
Pressure is measured using wet bulb depression correction.

¢ Flint et al., draft of “Conceptual and Numerical Mode! of Infiltration for Yucca Mountain Area. Nevada”

o

Climate and Unsaturated Zone Aeration. As a result of climatic factors of barometric pressure and related
wind changes, vapor and air movement occurs in the thick unsaturated zone at Yucca Mountain. It impacts thermal
gradients in both the unsaturated and saturated zones as well as the supply of atmospheric gases. Air movement
through Yucca Mountain has been observed in the ESF, and LeCain (1997) observed air movement in boreholes that
he attributed mainly to air flow through fractures. The 1994 PA considered air flow as a pathway for migration of radi-
onuclide gas, including 14 C, which replaces nonradioactive carbon in carbon dioxide. It is not considered as a path-
way in the 1997 PA, because current regulatory guidance regarding dose calculation methods renders negligible the
impact of the low amount of gaseous radionuclide migration that has been modeled by previous studies ([M&O,
1995, p. 7-20]). The implications of air flow to geothermal gradient are discussed in the Section 4.3.2.

Air flow from the atmosphere is the primary source of O,, Ny, and water vapor, which affects several important
1997 PA modeling considerations. In the unsaturated zone BRAGFLO_T handles two phase flow and calculates O,,
N,, and water vapor over time near a waste package. See Chapter 7 for details of how these processes were modeled.
The flow of oxygen, which comes primarily from air movement in the mountain, is important in corrosion calcula-
tions, which assume inputs of atmospheric carbon dioxide, and nitrogen and use atmospheric pressure values. Atmo-
spheric gases, especially the availability of oxygen, are important factors in modeling geochemical interactions
amount groundwater, waste, and waste containers. Modelin