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EXECUTIVE SUMMARY

The objective of this study was to assess the status of knowledge per-
tinent to evaluating the behavior of spent nuclear fuel as a waste form in
geologic disposal systems. This assessment is to be supportive of the U.S.
Department of Energy's (DOE) mined geologic repository program by providing
background information that can be used by the DOE to address the information
needs that pertain to compliance with applicable standards and regulations.

To achieve this objective, applicable federal regulations were reviewed,
expected disposal environments were described, the status of spent-fuel model-
ing was summarized, and information regarding the characteristics and behavior
of spent fuel was compiled. This compiled information was then evaluated from
a performance modeling perspective to identify further information needs. A
number of recommendations were made concerning information still needed to
enhance understanding of spent-fuel behavior as a waste form in geologic
repositories. These recommendations are summarized as follows.

Cladding

® quantification of the number of failed rods coming out of the
reactors

® gas contents and release rates
® heat generation and radioactivity
® creep rupture behavior during storage

® corrosion under expected repository environment conditions for both
stainless steel and Zircaloy claddings

® stress corrosion cracking propensity under expected storage and dis-
posal conditions; fuelside and waterside corrosion

® annealing data under higher temperature storage conditions
® hydride distribution and migration potential

® radionuclide content, chemical form, location, and potential release
mechanisms



® physicochemical properties (sorptive and redox-buffer capacities) of
intact and altered cladding materials

® role of physical presence of material in governing ground-water
access to radionuclide release from the Uo, fuel

® modeling of the above processes and characteristics that may be
important in determining the contaminant failure time and/or
radionuclide release rates.

Irradiated UQ, Fuel

® elemental and compound composition and radionuclide-specific distri-
butions in terms of grain, grain boundary, and gap inventories

® oxidation rates in moist air, steam, and other potential storage and
disposal environment conditions

® mechanism of radionuclide release as related to fuel oxidation
® accurate characterization of spent fuel expected at the repository

e factors that control release of highly soluble and/or nonsorbing
radionuclides

® release rate tests under conditions relevant to that expected for
waste packages in a given repository

® models that can be used to predict the lifetime characteristics of
out of reactor fuel through storage, handling, and disposal.

The ranking of these recommendations may need to be site specific because
the potential failure modes/processes depend on the environment of the waste
package. It is conceptually possible to engineer a waste package such that
- some concerns regarding the containment behavior of clad spent fuel are no
Tonger important. For example, it may be desirable to not take into account
the existence of the cladding in a waste package performance assessment. The
strategy is then to allocate all containment and release performance to the
engineered container and the U02 waste form in its packing-material/host rock
environment.,
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1.0 BACKGROUND AND INTRODUCTION

The purpose of the Nuclear Waste Policy Act (NWPA) of 1982, Public Law
97-425, was in part "to provide for the development of repositories for the
disposal of high-level radioactive waste and spent nuclear fuel" and "to estab-
lish a program of research, development, and demonstration regarding the dis-
posal of high-level radioactive waste and spent nuclear fuel." The U.S.
Department of Energy's (DOE's) Office of Civilian Radioactive Waste Manage-
ment's Of fice of Geologic Repositories requested that the Pacific Northwest
Laboratory's (PNL's) Performance Assessment Scientific Support (PASS) Program
evaluate the suitability of spent nuclear fuel as a waste form. This report is
to be the first of a series addressing this topic. The purpose of this study
is to assess the status of current knowledge regarding the isolation perform-
ance of spent nuclear fuel as a waste form in repositories.

1.1 BACKGROUND

The NWPA of 1982 requires that high-level nuclear waste and nonreprocessed
spent nuclear fuel be disposed of in a repository: a mined, geologic disposal
system. In the NWPA, certain attributes and performance requirements are
specified for this disposal system and for some of its subsystems. Research on
spent nuclear fuel must, in part, address the role this waste form plays in
determining the performance of the mined geologic disposal system and its
subsystems.

1.1.1 Impact of the Nuclear Waste Policy Act of 1982

The NWPA specifically mandates that the DOE, the U.S. Nuclear Regulatory
Commission (NRC), and the U.S. Environmental Protection Agency (EPA) produce
certain planning and regulatory documents. These documents provide part of the
background for the present study. The DOE is to produce a Mission Plan (USDOE
1985) and general guidelines for site selection (USDOE 1984 [10 CFR 960]).
Features of the Mission Plan that are salient to this work are its commitments
to the permanent disposal of spent nuclear fuel and to the consolidation of
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spent-fuel rods before placement in a disposal container. Consolidation means
the removal of individual spent-fuel rods from assemblies, and the close-
packing of these rods in containers.

The general siting guidelines have been published as Chapter 10 of the
Code of Federal Regulations, Part 960 (10 CFR 960). Similarly, the EPA (USEPA
1985 [40 CFR 191]) has produced standards applicable to a mined geologic dis-
posal system for high-level nuclear waste and spent nuclear fuel. The stan-
dards are part of Chapter 40.0f the Code of Federal Regulations, Part 191
(40 CFR 191). The NRC's applicable regulations (USNRC 1983 [10 CFR 60]), con-
sisting of technical requirements and criteria, are contained in the Code of
Federal Regulations, Chapter 10, Part 60 (10 CFR 60).

The NWPA specifies that NRC is to exercise license control over DOE's
repository. The licensing procedure outlined in the NWPA requires DOE to sub-
mit a Ticense application to NRC to allow DOE to build, operate, and close a
mined geologic disposal system for high-level nuclear waste and spent nuclear
fuel. This license application will constitute the record by which NRC will
Judge whether or not applicable regulatory standards, requirements, and cri-
teria can be met with reasonable assurance.

1.1.2 The Engineered Barrier System and the Multiple Barrier System
Requirement

The NWPA requires that NRC promu]gaté technical requirements and criteria

that “shall provide for the use of a system of multiple barriers."” The NRC,
accordingly, has defined a geologic repository to include "the portion of the
geologic setting that provides isolation of the radioactive waste," and an
"engineering barrier system." In effect, the definitions given in 10 CFR 60,2
describe a mined geologic disposal system as being composed of a natural bar-
rier system and an engineered barrier system.

In 40 CFR 191, EPA 1imits the horizontal extent of the natural barrier
system to less than 5 km from the edge of the original location of the emplaced
nuclear waste. The natural barrier system may be composed of one or a number
of geologic structureﬁ, each of which may be described as a barrier in that
each may prevent or substantially delay the movement of water or radionuclides
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(10 CFR 60 and 40 CFR 191 definitions of barriers). Thus, the natural barrier
system may be a multiple barrier system for some geologic settings and not for
others.

The EPA and NRC emphasize that the engineered barrier system should be a
multiple barrier system. In 40 CFR 191, it is suggested that a container, a
waste form, and materials placed over or around a waste form may be barriers.
The engineered barrier system is defined in 10 CFR 60 so that, from an isola-
tion perspective, its main functional component is the waste package. The
waste package, in turn, is the waste form, its container(s), shielding, and any
absorbent or other materials packed around each individual container (packing
materials). Some, but not necessarily all, of these possible waste package
components may be the multipie barriers that functionally define the isolation
capacity of an engineered barrier system. Current usage within the DOE defines
a container as the primary barrier that ensures meeting the containment cri-

teria of 10 CFR 60. A canister, on the other hand, is any other encapsulating
metal barrier.

1.1.3 Potential Barriers in a Spent-Fuel Waste Package System

The spent-fuel waste package may consist of a stainless steel or low-
carbon steel container containing spent-fuel rods. These rods will probably
have been consolidated, or removed from the fuel assembly hardware that kept
individual fuel rods separated for use in reactor cores. Each rod is clad with
either Zircaloy, an alloy that, is 98% zirconium, or stainless steel. A small,
as yet undetermined percentage of the cladding may have small defects that
could allow some ground-water contact with some of the spent fuel shortly after
container failure. Thus, the irradiated U0, waste form is an important compo-
nent within the muitiple barrier system, and the release behavior of radio-
nuclides from U0, under repository conditions must be known to predict the
Tong-term performance of the entire engineered barrier system.

A significant fraction of the mass inside a typical spent-fuel waste pack-
age may be Zircaloy and/or stainless steel cladding. Hence, these materials
and their corrosion products may also be a barrier within the engineered
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barrier system. Whether credit can be taken for cladding as a barrier depends
on the need and the ability to evaluate its behavior and the behavior of its
corrosion products under repository conditions.

By design, the container is a barrier during the containment period.
After a container has been breached, continued corrosion in entrance paths may
produce corrosion products that may continue to constitute a sorption barrier
to the migration of specific radionuclides.

Finally, packing materials are to be used in some repositories to control
ground-water flux and to selectively delay the migration of some radionuclides
by sorption. Packing materials may consist of clays alone or mixed with
crushed host rock, or crushed host rock alone.

The NRC's release rate requirement applies to the engineered barrier
system, and from a performance perspective, the waste package is the most
important part of that system. Therefore, evaluation of spent-fuel performance
in a repository needs to consider the entire waste package as a system
consisting of a container, a fill gas inside the container, cladding, waste
form, and, for some repository designs, packing materials and/or a canister.

1.2 STANDARDS, REQUIREMENTS, AND CRITERIA

According to 40 CFR 191, the engineered and natural barrier systems, con-
stituting the postclosure mined geo]ogic”disposal system, may not release
radionuclides to the accessible ehvironment in excess of the amounts allowed by
40 CFR 191, which specifies radionuclide-specific cumulative release 1imits in
curies for 10,000 years after permanent closure. These release limits are
based on the results of environmental transport and population-dosimetry model-
jng. The EPA standard, therefore, incorporates limits on population dose com-
mitments and resulting health effects.

To provide an increased degree of confidence that the 40 CFR 191 standard
will be met, NRC has promulgated a number of technical requirements and cri-
teria in 10 CFR 60 that are specific to the engineered barrier system. The
requirements are that the waste packages provide substantially complete con-
tainment of radionuclides while fission-product decay-heat and radiation are
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high, and that the engineered barrier system allow only small fractional radio-
nuclide releases over long periods of time after substantially complete con-
tainment has been lost.

The NRC criteria that quantify these requirements specify a 300- to
1000-year range for the containment period that may be set for a given mined
geologic disposal system. In addition, after the period of substantially com-
plete containment, releases are not to exceed one part in 100,000 per year of
the inventory of any radionuclide calculated to be present at 1000 years after
permanent closure. An exception exists for radionuclides released at a yearly
rate that is less than 1078 of the total 1000-year system curie inventory. For
the latter radionuclides, the release-rate limit is the ratio of 10-8 of the
total 1000-year curie inventory of the system to that radionuclide's inventory
at 1000 years. This somewhat complex exception allows slightly higher releases
for lower inventory radionuclides. Since 10 CFR 60 complements the 40 CFR 191
standard, its requirements are also in force for 10,000 years. This time limit
somewhat curtails the ambiguity of the release rate requirements with regard to
in-growing daughter radionuclides, such as radium-226.

These NRC criteria specifically apply only in the case where no unantici-
pated processes or events are assumed (such as faulting or human intrusion).
Determining the likelihoods of unanticipated processes and events and of
resulting releases is a site-specific process. The discussion of engineered
barrier system criteria needed to ensure compliance with 40 CFR 191 in the
event of unanticipated process ‘or event scenarios is beyond the scope of this
work. Only the 10 CFR 60 criteria for anticipated processes and events (slow
corrosion, radionuclide transport by diffusion or by migrating ground water,
etc.) were considered in our evaluation of the status of research assessing
spent fuel as a waste form for mined geologic disposal.

1.3 STUDY OVERVIEW

The regulatory requirements suggest that the engineered barrier system be
a muiltiple barrier system and the waste form (i.e., spent fuel) be a barrier
within that system. To be a barrier, spent fuel must substantially delay the
movement of radionuclides under repository conditions. A multifaceted review
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was conducted to assess the availability of data that may allow the characteri-
zation of spent fuel and its behavior over wide ranges of conditions.

The objective of this study was to assess the status of knowledge regard-
ing the spent-fuel waste form in terms of its likely behavior in a mined
geologic repository. Although these information needs may ultimately pertain
to showing compliance with applicable standards and regulations, the needs
described in this document are modeling needs: information needed to model
spent-fuel behavior as a waste form.

We reviewed relevant literature that addressed or could be used to address
the question of spent-fuel behavior in geologic disposal systems. Specific-
ally, the barrier properties of clad spent fuel were of greatest interest.
Barrier properties of spent fuel are those properties that delay the movement
of radionuclides. Containment is a separate barrier function that is to be
provided by the container, not the clad spent-fuel waste form.

Expected ranges of repository conditions are described, as were the
expected properties of clad spent fuel before disposal, during the thermal
period and for the postthermal period when containment is likely to be lost
(i.e., after ground water enters the container and contacts spent fuel). Fac-
tors controlling releases from clad spent fuel in the postthermal period are
examined in some detail, because it is in this period that the properties of
spent fuel will be most important in contributing toward the overall perform-
ance of the mined, geologic disposal system.

The regulations require that predictions of system behavior, using per-
formance assessment modeling, be carried out to 10,000 years for the purpose of
showing regulatory compliance. In addition, 100,000-year cumulative release
calculations are required by the general siting guidelines (10 CFR 960) for the
specific purpose of comparing sites in the site selection process. These
requirements emphasize the importance of both the experimental programs and the
performance modeling efforts. The scope of this study, therefore, encompassed
both data and modeling progress and needs.

Needs exist for showing where data gathering and modeling efforts are,
what has and has not been adequately covered, and what general recommendations
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could help focus future spent-fuel research and modeling efforts. Our
approach, therefore, was to obtain and analyze the available literature and
also to ascertain the scope and progress of ongoing work.

The report consists of the following sections:

1.0 Background and Introduction--a review of the regulatory performance
requirements and a statement of the scope, objectives, and methodology
of this study.

2.0 Expected Spent-Fuel Waste Package Environments and Performance--a
description of what the current expectations are in terms of the
environments that will be experienced in each host rock type and what
the expected containment times will be. These expectations reflect DOE
project thought and calculations, and do not necessarily reflect the
Jjudgments of the authors of this report in every respect.

3.0 Containment by Clad Spent Fuel--a collection of information judged to be
relevant to determining the ability of clad spent fuel to contribute the
containment of radionuclides. Both the cladding and the irradiated uo,
fuel are examined in detail in terms of characteristics and potential
failure modes and processes.

4.0 Postcontainment Release from Spent Fuel--a discussion of the radionu-
clide release process with emphasis on the role of the cladding and of
the physical and chemical makeup of the U0, matrix. Highly soluble
and/or nonsorbing radioﬁuc]ides receive special attention in this sec-
tion, as do the potential sorption characteristics of waste package
metal barriers and their alteration products.

5.0 Summary and Recommendations--summarizes Sections 1.0, 2.0, 3.0, and 4.0
and recommends clad-spent-fuel research and modeling needs.

The analyses of available data and modeling results focus on evaluating
whether or not certain basic questions regarding the characteristics and
expected behavior of spent fuel have been addressed properly and the degree to
which they have been answered., Perceived data and modeling needs are dis-
cussed, and summary data and modeling needs are presented in tabular form for
the convenience of the reader.
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2,0 EXPECTED SPENT-FUEL WASTE PACKAGE ENVIRONMENTS AND PERFORMANCE

Waste package environments are expected to vary with time. For example,
before waste emplacement, the temperature of portions of the host rock can be
below ambient because of ventilation. The temperature will rise as soon as
waste packages are emplaced; will peak sometime before or after repository
closure, depending on host rock type and waste package and emplacement assump-
tions; and will decrease slowly thereafter. Of particular interest from a
performance-modeling perspective is the environment of the waste package in the
period after spent fuel has become accessible by ground water when radionuclide
migration may begin. Part of the emphasis of this section is on the lifetime
of the waste package's primary containment barrier. Until this primary barrier
is breached, the spent-fuel waste form is assumed to be essentially in dry
storage and not materially changed from its emplacement condition (see
Section 3.0).

Three time ranges were chosen to facilitate the discussion of waste
package environments in this section: 1) preclosure--before waste package
emplacement and after emplacement, as the thermal period begins but before
repository sealing; 2) postclosure--the thermal period after repository seal-
ing, and 3) postthermal--the period after the thermal output of the emplaced
spent fuel has dropped to near negligible levels. For convenience, we chose
1000 years after permanent closure as the beginning of the postthermal period.
After 1000 years, the thermal power of a fuel assembly is expected to be about
25 watts (USDOE 1980), and repository heating is expected to be negligible
(USNRC 1983),

Potential repository environments are discussed in the following section,
in alphabetical order: basalt and crystalline (i.e., granitic or gneissic
rocks), salt, and tuff. Some priority was given basalt, salt, and tuff, how-
ever, because these are the host rock types considered for the first repository
and have the most detailed site information available.

The terms “far field," "near field," and "very near field," are used in
this report to qualitatively denote approximate location within the mined, geo-
logic repository system. Far field indicates the area where hydrologic and
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radionuclide migration modeling is treated as if it were the geologic setting.
Thus, the far field may contain parts of the engineered systems, such as the
shaft-seals, if they are modeled as part of the geosphere rather than as part
of the engineered barrier system. The near field is the engineered barrier
system. From a modeling perspective, the near field provides the source term
for the far field hydrologic/migration model. The very near field is not a
term of importance in modeling, but a convenience term for the space including
the waste form and perhaps its first containment structure. This containment
structure may or may not be fhe container if a waste package design includes a
canister,

Expected performance of the spent-fuel waste package [as shown in the
tuff, basalt, and one of the salt site Environmental Assessments (EAs) (USDOE
1986a,b,c) and its supporting documents] are summarized in this section. This
summary emphasizes the major conceptual assumptions and results of these pre-
Timinary repository performance assessments.

2.1 PRECLOSURE ENVIRONMENTS

Spent-fuel emplacement in any repository may take in excess of 25 years
(28 years are scheduled for emplacement in USDOE 1985). A period of similar
length may be required to provide assurance of performance before permanent
closure (a 50- to 90-year total preclosure period is mentioned in USDOE 1985).
At closure, therefore, spent fuel may have been in place for 25 to 50 years.

The two major preclosure environments are pre- and postemplacement. The
preemplacement environments will be defined during site characterization.
In situ testing, part of ongoing site characterization work, will help to pre-
dict expected postemplacement preclosure conditions. It must be emphasized,
therefore, that the following postemplacement environment descriptions consist
of expert opinion guided by limited, available site-specific field data and,
where appropriate, a limited amount of field experience from comparable loca-
tions. Information is given in this section on the environmental conditions
during preclosure and includes the topics of radiation, temperature, redox
potential, ground-water flow, ground-water composition, and stress. This type
of information is given for basalt and crystalline rock, salt, and tuff geo-
logies following introductory comments on the general importance of the
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particular environmental parameter. Some aspects of the possible preclosure
environmental effects of waste emplacement are not addressed for lack of sig-
nificance in terms of adverse consequences. One of these possible environ-
mental effects may include the reduction of gaseous nitrogen on hot metal
surfaces to form NH3, which may dissolve to form NH40H in ground water.

2.1.1 Radiation

The preemplacement radiation environment is generally an engineering
concern in terms of mine.safety: radon gas and dust-borne daughter products of
radon mist be controlied. Of concern in this study is the postemplacement,
preclosure radiation environment and its possible effects on the packing mate-
rials, backfill, and/or host rocks. Although packing materials and backfill
may consist of the same materials, they serve different functions. Packing
materials physically separate the container from the host rock, help control
dose rates into the drift, control water movement very near the container, and
may retard transport of some radionuclides from the container surface to the
host rock. Backfill, similarly, serves to control water movement, but at a
larger scale in the postclosure repository. (Repository closure consists of
completing the drift backfilling process and sealing shafts and boreholes.)

Neutron and gamma flux rates during the preclosure period would be impor-
tant if they could damage either the engineered materials or the host rocks in
such a way as to diminish their properties as barriers to the movement of
radionuclides or water. According to the U.S. DOE (1979), radiation dose rates
on the order of 10% rad/h may be experienced adjacent to 5- to 10-year-old,
33,000 MWd/MTU burnup spent fuel. These dose rates reduce as fission product
decay proceeds, approaching 103 rad/h after about 100 years. How these dose
rates affeét metal barriers, ground water, and host rock is specific to the
engineered barrier design and host rock type. The age, burnup, and amount of
spent fuel in a waste package, as well as engineered barrier thicknesses and
compositions, determine the actual doses received in the near field.

2.1.1,1 Basalt and Crystalline

The preclosure, postemplacement radiological environment very near the
waste packages should be similar for a repository located below the water table
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in either basalt or granitic host rocks for comparable waste package designs.
Information compiled and presented by Smith et al. (1980) suggested that
y-radiation effects in basalt during this period will primarily consist of
ground-water radiolysis. Conditions for the net radiolytic production of
oxidizing products caused by preferential escape of radiolytically produced Ho
gas may be enhanced at this time because the waste package system will be sepa-
rated from the atmosphere by packing material and backfill only (Smith et al.
1980). On the other hand, the waste package system may remain essentially dry
during this elevated temperature period, meaning that no ground-water radioly-
sis will take place.

During the preclosure period, the amount of water near the waste package
will be timited by the high temperature within and near the waste package, the
atmospheric pressure of the system, ventilation, and the mechanical pumping
that will control water ingress. While water remains distant from the hot
waste package, however, atmospheric nitrogen may radiolytically oxidize and
diffuse away to dissolve in ground water to form nitric or nitrous acids. As
underground excavations are backfilled, pumping would cease and liquid water
could approach the waste packages. It may be decades before resaturation is
complete, meaning that peak dose rates have been reduced to a fraction of their
initial levels. According to the Reference Repository Conditions Interface
Working Group (RRC-IWG), perhaps as much as one half of the cumulative
10,000-year gamma dose may already have been received by the host rock adjacent
to the waste package before repository resaturation (RRC-IWG 1986).

Engineered materials may include a smectite clay and crushed host rock
packing material and metal barriers. Experiments on kaolinite by Corbett,
Burson and Young (1963) suggested that high gamma dose rates cause only minor
damage to this nonexpanding silicate. Kaolinite is not smectite clay, however,
and although these results are encouraging, they are not definitive. Near
field gamma radiation effects on bentonite, a rock type composed predominantly
of smectite clays, are currently being investigated in United States and
Canadian programs. Until final results are available, gamma radiolysis effects
on clays may be assumed negligible at the cumulative doses and dose rates that
are likely during the preclosure period in a repository.
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Based on realistic estimates considering expected waste form and waste
package characteristics for a basalt repository, Reed, Bonar and Weiner (1985)
calculated expected dose rates and cumulative doses to the packing material.
Their calculations showed expected dose rates and doses to be much less than
those needed in the laboratory to induce changes in the properties of clays.
Reed, Bonar and Weiner concluded that the expected doses were sufficiently low
so that radiation effects on the packing material would be insignificant.

2.1.1.2 Salt

The possible near-100-year duration of the preclosure period means that
the highest y-dose rates and a possible 40% to 65% of the 10,000-year cumula-
tive y-doses will have been received by the host rock before permanent closure
(Claiborne, Rickerston and Graham 1980). This condition holds for repositories
in other host rock types as well (RRC-IWG 1986) but is particularly important
for salt because of salt's apparent susceptibility to radiation damage (Panno
and Czyscinski 1984). This apparent susceptibility to host rock/ground-water
radiation effects may be alleviated by a conceptual waste package design for a
salt repository that may include a 12-cm-thick steel container that would
attenuate y-dose rates by more than an order of magnitude, according to pre-
liminary estimates (Clark and Bradley 1984), or as much as two orders of
magnitude, according to later, more definitive calculations (USDOE 1986¢).

Panno and Czyscinski (1984) reviewed experiments conducted on brine migra-
tion, thermal and radiation effects, and synergistic effects of elevated tem-
perature and irradiation on salt/brine mixtures. Their review focuses on
studies that have shown that both acidic and alkaline conditions have been
observed as a result of exposing salt and brine to elevated temperature and
y-radiation fields. Generally, radiolysis of brine produces Hp, 0y, Ho09, and
Clo, resulting in an oxic condition. Radiation may also affect the brine's pH
by causing Hy and Cly in solution to combine to form HC1, which lowers the pH,
or by oxidizing atmospheric nitrogen that may be present, which forms nitric or
nitrous acids when dissolved in the ground water. The composite effect is dif-
ficult to determine, but given that the pre-irradiated brine inclusions are
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acidic (Moody 1987), an oxic, more acidic brine layer may exist next to the
metal barrier with anoxic and less acidic conditions prevailing at increasing
distances from the metal barriers. The thickness of this more acidic and oxic
layer, if it exists, would be defined by the production and diffusion rates of
radiolysis products away from the container surface. The acidic and oxic brine
may be incrementally more corrosive; however, the assumed static nature of the
system, resulting after brine inflow has reached its maximum, probably limits
the corrosion rate in this environment. Assuming the attenuation of y-radia-
tion by the container is below the levels where radiolysis of brine produces
significant oxidizing species in solution, the forward corrosion reaction rate
ﬁay be governed by the rate of hydrogen, water, and perhaps oxygen diffusion
through a static tayer. This static layer is made of iron oxyhydroxide cor-
rosion products and the salts remaining after the brine's oxygen and water
content has been depleted after prolonged contact with the corroding metal
surface. The sources of dissolved oxygen and water and the primary corrosive
agents are expected to become depleted as corrosion occurs, however,

Radiolysis and temperature effects, as well as the possibility of corro-
sion modes other than uniform, are receiving further evaluation for reposi-
tories in salt. Studies that may allow better definition of waste package
metal barrier requirements specific to selected performance goals are in pro-
gress (Simonsen and Kuhn 1984), The salt project is factoring radiolysis into
its corrosion studies (ONWI 1984).

2.1.1.3 Tuff ,

The reference waste package design concept for tuff is that spent-fuel
waste containers will be placed in open boreholes, without packing material, in
a repository in the unsaturated zone. The gamma-radiation field in a tuff
repository will be absorbed by the host rock and by the hot water vapor that
will contact the metal barriers as a result of placing the spent-fuel heat
source in unsaturated rocks at atmospheric pressure, The host rock is not
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susceptible to ionizing radiation damage (USDOE 1986a). Water vapor is not
likely to condense on a metal barrier while it is still substantially above the
temperature of the surrounding rocks. Therefore, the only water/metal interac-
tions will be vapor/solid interactions until after the temperature decreases
below the boiling point of tuff ground water when the gamma field is essen-
tially decayed away.

The tuff project has preliminarily evaluated the short-term corrosion rate
of its candidate metal barrier material, 304L stainless steel, immersed in hot
ground water under a radiation field of 3 x 10° rads/h. Under these extreme
conditions, observed uniform corrosion rates suggested that current conceptual
waste packages would remain intact in excess of 10% years. However, the
expected lifetime of the waste package may be considerably shorter if corrosion
mechanisms other than uniform corrosion become prevalent (USDOE 1986a).

Because immersing the steel samples in water would prevent the oxidation of
atmospheric nitrogen and the subsequent formation of nitric or nitrous acids,
this radiolytic acidification effect was not addressed in this study.

2.1.2 Temperature

Temperature is of interest because of its direct relationship with many
reaction rates and solubilities. Temperature may also affect ground-water flow
fields, host rock properties and stability, and waste package system behavior,
Overall repository temperatures can be-controlled by regulating the size and
heat content of the spent-fuel waste package and the spacing of the emplacement
holes. Ventilation will also remove a substantial portion of the heat gen-
erated in the emplaced waste packages (Claiborne, Rickerston and Graham 1980},
During the preclosure period, refrigerated, forced-air ventilation will be
required to ensure safe working conditions for operators and equipment.

Substantially less heat will be generated at the end of the preclosure
period as compared with the end of the emplacement period. Fission-product
decay during the remainder of the preclosure retrievability and confirmation
testing period (about 50 years) will result in reductions in average container
heat generation rdates of more than 50%, assuming that 10-year-old (out-of-
reactor) spent fuel was placed in the repository over a 25-year period (RRC-IWG
1986).
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2.1.2.1 Basalt and Crystalline

The ambient, preemplacement, repository-level temperature expected at the
candidate site in basalt is 50°C (USDOE 1986b). For crystalline rocks, tem-
peratures have been measured at 1000 m at various locations and range from 17°
to 26°C (RRC-IWG 1986). The heat generated by the spent fuel will be absorbed
and attenuated by the packing material and the host rocks, but the packing
material will act as an insulator, enhancing metal barrier and waste form tem-
peratures. The extent to which smectites and other clays may be affected by
enhanced temperatures may be controlled through waste package design and place-
ment engineering.

The temperatures in and near the waste package in basalt or crystalline
rock during the preclosure period will be a function of 1) the age, burnup, and
mass of spent fuel in the waste package; 2) the thickness of the metal bar-
rier(s); 3) the spacing of the emplacement holes in the repository; 4) the
thickness and water content of the packing material; 5) host rock water content
and flux; 6) thermal conductivity and heat capacity of the host rock; and
7) the ventilation system's operating characteristics.

Maximum temperatures, as a function of postemplacement time, have been
calculated for the near field in crystalline rock (RRC-IWG 1986). The tempera-
ture profiles resulting from these calculations are not shown here because they
are highly dependent on assumptions regarding the spent-fuel, waste package,
repository layout, and the thermal diffusivity of the host rock/ground-water
system. These postemplacement temperature profiles also do not recognize the
heat-dissipating role of ventilation during the preclosure period. Of some
interest here, however, is the timing and progression of temperature maxima.

The RRC-IWG (1986) calculations for crystalline rock suggest that a given
container's waste centerline (i.e., the cladding, for practical purposes)
reaches its peak temperature at approximately 10 years after emplacement. The
container surface temperatures, on the other hand, are at a maximum 25 to
30 years after emplacement, and the emplacement hole wall temperature reaches a
maximum about 40 years after emplacement. These maxima are the result of the
interactions of increasing temperatures caused by barrier resistance to heat
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transfer and decreasing temperatures resulting from radionuclide decay. With
ventilation, however, these maxima could be lower and occur later.

Approximate values for maximum temperature increases (assuming one intact
fuel assembly with a 550-W heat output per container is placed in the crystal-
Tine rock spent-fuel repository) are 170°C, 150°C, and 130°C for the cladding,
container surface, and emplacement hole wall, respectively (RRC-IWG 1986).
These values are probably useful ballpark figures for expected temperature
increases for a crystalline host rock repository, although the emplacement
containers with the fuel rods from six assemblies, having a heat output of
3300 W, is to be expected if spent fuel is consolidated before disposal (USDOE
1986b). Assuming the waste packages and repository layout are the same as pre-
viously described, the general difference in rock thermal characteristics
between crystalline and basalt rocks would lead to somewhat higher temperature
increases for a basalt repository. Assumptions regarding the waste package and
host rock thermal properties can vary these temperature maxima consideréb]y.
More recent estimates (based on the USDOE [1986b] waste package assumption)
indicate that the container surface maximum is about 200°C and the average
waste package lifetime temperature is about 145°C.

At closure, the internal temperature of the spent-fuel package may have
already peaked for virtually all emplaced spent-fuel waste packages; the con-
tainer surface temperature will be at a maximum for the most recently placed
packages and will probably decline for all the others. The emplacement hole
wall temperature will begin toldecline for the spent-fuel waste packages that
were in place the longest and are either at or near their maximum values for
all other emplaced spent-fuel waste packages (based on an interpretation of
RRC-IWG 1986),

2.1.2.2 Salt

Temperatures are particularly important in a salt repository because of
the role of heat in brine migration, salt creep, and host rock and brine
susceptibility to radiation damage. Although ventilation during the preclosure
period may lower near field host rock temperatures dramatically (by about 25%),
the effect is less dramatic (<10%) near or in the waste package (Claiborne,
Rickerston and Graham 1980). Over the short period of time represented by the
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preclosure period, ventilation may reduce the brine ingress induced by the

thermal gradient near the waste package by about 10% (Claiborne, Rickerston and
Graham 1980).

Ambient, preemplacement temperatures in salt are a function of the par-
ticular salt formation considered and the repository depth. A representative
value would be 27°C (USDOE 1986c). Recent estimates of maximum salt tempera-
tures, those occurring at the container/host rock boundary, are about 125°C at
10 to 20 years after emplacement (USDOE 1986c). This estimate is conservative
because ventilation cooling is not considered during the operational and
retrievability periods that bound this maximum-heat part of the postemplacement
period. Thus, temperatures within the waste package and adjoining salt have
reached maxima and are beginning to decline as the repository is closed. Tem-
peratures seem to be quite independent of waste package placement because of
the high heat conductivity of salt.

2.1.2.3 Tuff

Sinnock, Lin and Brannon (1984) report an estimated 20°C ambient tempera-
ture in the unsaturated-zone tuff at repository depth (~500 m). The conceptual
design of the waste package emplaced in a tuff repository allows air access to
most of the container so that convective air-cooling would be very efficient in
a ventilated repository. Because repository sealing in the unsaturated tuff
repository involves no backfilling of emplacement holes and rooms, natural air-
convection will continue to be a major heat-transfer mechanism during and after
permanent closure.

As previously observed, as long as waste package temperatures signifi-
cantly exceed host rock temperatures, no water will condense on the metal waste
package skin. As Tong as this condition is maintained, hot water vapor will
surround the waste package, and the temperature gradient in the rocks surround-
ing the waste package will maintain a proportional water-content gradient in
the rocks. Drier conditions will prevail nearer the heat sources, especially
during the preclosure period while the repository is ventilated and both heat
and humidity are exhausted. From this perspective, it could be advantageous to
maximize spent-fuel waste package thermal loading for disposal in unsaturated
tuff. The integrity of waste package components (i.e., a 350°C internal limit
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to ensure the stability of the cladding, as in USDOE 1986a) would be a limita-
tion to consider. From another perspective, however, it may be that lower tem-
peratures generally give greater assurance that repository behavior will be
more readily predictable.

2.1.3 Redox Potential

The degree to which a waste package environment is oxidizing or reducing
is largely determined by the amount and reactivity of redox-buffering compo-
nents (e.g., natural minerals, dissolved species, emplaced metals) that occur
within that environment. Polyvalent metal ions or ion complexes can be oxi-
dized or reduced in response to the oxidation-reduction (redox) potential of
the environment or in response to highly localized redox conditions resulting
from the presence of specific reduced minerals or mineral assemblages. It is
this localized control of redox and the kinetic controls on the buffering
capacity of a given redox couple or mineral assemblage that make the measure-
ment of a representative redox potential difficult. Because the oxidation
state or the charge of a metal ion or ionic complex can determine its solubil-
ity or its sorption behavior, the prevailing redox potential will determine the
mobility of many metal ions. Also, the presence of reduced aqueous or solid
metal sulfides or oxides can result in the precipitation or adsorption of a
number of other, especially divalent, metal ions.

During the preclosure period, ventilation will ensure an oxidizing envi-
ronment in the excavated areas: As waste packages are emplaced, reducing
microenvironments could be created, under some circumstances, at metal barrier
surfaces. It is also possible that thermophilic, anaerobic, radiation-
resistant bacteria may be introduced during preclosure that would control redox
conditions in their immediate microenvironment. A review of this possibility
and its likely consequences occurs in West et al. 1984. The general improba-
bility of significant consequences, caused by a lack of available carbon as
much as the severity of the near field environment, makes further discussion of
bacterial effects unnecessary for the purposes of this review.
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2.1.3.1 Basalt and Crystalline

The expected Eh (redox potential) for ambient conditions within basalt or
crystalline rock is estimated from the observed existence of stable minerals or
mineral assemblages. For example, an Eh of -0.2 V has been estimated as a
representative value for a crystalline host rock at repository depth (RRC-IWG
1986), which coincides with the Tower value of the Eh range of amorphous iron
oxyhydroxide stability (Deutsch, Jenne and Krupka 1982). In basalt, an early
estimate of an ambient Eh of about -0.4 V, based on the observed presence of
magnetite and pyrite as apparently stable secondary minerals (Smith et al.
1980; USDOE 1986b), has received support from laboratory experiments using
crushed basalt and waters over a range of temperatures, which resulted in
similar Eh values (Lane, Jones and West 1984; Jantzen 1984).

During the preclosure phase, ventilation and the placement of well-
oxygenated packing materials will ensure an oxidizing environment for spent-
fuel waste packages in either basalt or crystalline rock. Less certain is the
effect of this oxygen-rich environment on fresh basalt or crystalline rock sur-

faces, such as those presented by the crushed host rock in the packing material
and backfill,

Excavation surfaces, however, may become weathered and well oxygenated
during the preclosure period because these surfaces may be wet and in an oxi-
dized environment for a number of years. With a pressure gradient that ranges
from hydrostatic in the rock to atmospheric at excavation surfaces, the pres-
‘ence of water films near or on these surfaces seems 1ikely. Experiments on the
uptake of dissolved oxygen by fresh basalt surfaces has shown that this is a
relatively rapid process (Lane et al. 1984; Lane, Jones and West 1984).
Similarly, White and Yee (1984) present data on the uptake rate of dissolved
oxygen by fresh basalt surfaces. Their results suggest that aqueous diffusion
rates of oxygen controlled the oxygen uptake rate. Oxygen uptake rates for
fresh basalt surfaces seemed to be comparable to magnetite uptake rates, sug-
gesting that basalt-surface magnetite was the dominant sink for oxygen. The
initial rapidity of these observed oxidation reactions and their decreasing
rates over time led the authors to speculate that oxygen uptake on weathered
basalt surfaces could be very slow. The preclosure weathering of fresh basalt
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surfaces will be controlled by using freshly crushed basalt packing material
enclosed in a steel shell and relatively freshly crushed basalt in backfilling
rooms (USDOE 1986b). The role of metal barrier materials in returning the
repository to reduced conditions has been neglected in this discussion. The
removal of oxygen by reaction with metallic surfaces should also be an
important determinant of the rate at which oxygen is depleted at depth after
closure.

2.1.3.2 Salt

Panno and Czyscinski (1984) cite potentiometric and other evidence that
suggest mildly reducing conditions generally prevail in brine inclusions within
salt, Oxidized and reduced forms of carbon, iron, and sulfur are thought to
buffer the Deaf Smith site host rock and deeper formations at an Eh of -D.,1 V
or lower (USDOE 1986c), suggesting a nonequilibrium, mixed potential (Lindberg
and Runnells 1984), Therefore, a case exists for suggesting that undisturbed
deep salt formations are generally not oxidizing environments. However, the
very near field will become well-oxygenated during the preclosure period, and,
since there are no solid phases to buffer this oxygen influx, the waste package
metals will be the only significant reduced phases available for oxidation,

The packing material to be used in a salt repository is crushed, well-
oxygenated salt. As previously discussed, y-radiolysis of salt brine inclu-
sions may also produce oxygen. The brines that will first contact the metal
barriers are almost certain to:be oxic. As corrosion proceeds, however, the
production of iron oxyhydroxides will use up the available oxygen and whatever
oxygen that may be produced by y-radiolysis and transported to the heat source,
During the preclosure but postemplacement period, therefore, conditions for
corrosion will be optimal, as long as salt creep and brine in-migration result
in a solid/liquid interface at the metal barrier surface.
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2.1.3.3 Tuff

The tuff repository will be located in the unsaturated zone so conditions
in the host rock will be oxidizing. Also, no major reduced mineral assemblages
exist in this host rock (USDOE 1986a). As in the case of salt, the metal bar-
rier(s) (stainless steel, Zircaloy) will control the redox potential in the
microenvironment that would be seen by water on or in the waste package. It
appears certain, however, that during and beyond the preclosure period, reposi-
tory conditions will be oxidizing.

2.1.4 Ground-Water Flow

Ground-water flux is the rate of ground-water flow, which can mean either
the velocity of the ground water or the volume of ground water moving through a
specified area in unit time. Because a regulatory requirement specifies a
minimum preemplacement ground-water travel time, flux estimates for the U.S.
repository program tend to be focused on the ground-water velocity. Volumetric
water flux estimates become important when mass transfer calculations are done
to estimate radionuclide fluxes. Because estimates of preemplacement ground-
water travel times are of special interest, ground-water flux is discussed in
greater detail in the preclosure section.

2.1.4.1 Basalt and Crystalline

Ground-water flow in saturated-zone repositories, such as proposed for the
basalt and crystalline host rocks? can be estimated from measurements of
hydraulic head differences across an area of sufficient size. Problems arise,
of course, if the gradient is so low as to be masked by analytical uncertain-
ties in measurement. Also, pressurized, confined aquifers present special
difficulty to one attempting to establish flow rates and directions from well
measurements.

In basalts, the near field will be the interior of a dense basalt flow.
Thus, ground-water flow paths in the near field may not be very different from
those expected for a repository in dense but fractured granite. Away from the .
near field, flow paths will differ more for basalt and crystalline rocks; how-
ever, the more similar near fields control the environments and behaviors of
the waste packages.
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In materials prepared to support the U.S. DOE (1986b), Long (1984) pre-
sents preliminary estimates of advective vertical flow rates to a basalt-flow
top 40 m above a repository in a dense interior. Their estimates show that the
40-m distance is covered in about 9000 years, corresponding to an equivalent
10-10 m/s Darcy water migration rate. The assumed hydraulic properties of the
dense interior were (approximately) hydraulic conductivity, 10713 m/s (based on
horizontal conductivity measurements); specific storage coefficient, 10'7/m;
effective porosity, 10'4; mass dispersivity, 0.2 m; and a 1074 m/m hydraulic
gradient as a driving force. Thermal effects on hydraulic properties were also
estimated.

Crystalline rock hydraulic data were compiled from the literature by
Harrison et al. (1983), and those measured hydraulic conductivities range from
approximately 1072 to 10714 m/s. Rock descriptions and emplacement histories
were not compared with these numbers to establish a relationship between rock
qualities and hydraulic conductivities. At or near a 1000-m depth, a 10-10 m/s
hydrauTic conductivity seemed a reasonable middle-ground estimate for these
reported values. Tammemagi and Chieslar (1985) also reviewed the literature on
crystalline rock properties, and their recommended formulation for estimating
hydraulic conductivities as a function of depth leads to a value somewhat less
than 1078 m/s at 800- to 1000-m depths. Porosities ranged from less than 0.1%
to 3% For porosities at or near a 1000-m depth, a porosity of 0.01% was
recommended by Osnes et al. (1984) and Tammemagi and Chieslar (1985). Judging
from these two parameters only, the dense interior of the basalt seems to be
the rough equivalent of the "tighter" crystalline rocks tested.

A bounding calculation for flux in granite may be instructive. Assuming a
0.1% effective porosity, a cubic meter of saturated rock with a density of
2.8 g/cm3 [Isherwood (1981) shows a range of 2.7 to 2.9 g/cm3 for crystalline
rocks and a 2.9 g/cm3 value for a "typical" basalt] may have a water content of
about 3 L. To vertically displace these 3 L, a representative cubic meter must
be raised by 1 m, which, at a rate of 10~° m/s (an order of magnitude faster
than the estimate'of the dense interior of the basalt discussed above) takes
more than 3 years. This rate corresponds roughly to 100-mL per year passing
through a given square meter of the repository, which means 1 L/year will be
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flowing through the 10-m? horizontal plane of a 1- x 10-m cylindrical waste
package hole containing perhaps two metric tons of uranium (MTU). Thus,

0.5 L/year/MTU may flow past the waste packages in this hypothetical, satu-
rated, hard-rock repository. A similar 0.1-L/m2/year flow rate was considered
a realistic yet conservative value for three granite locations in Sweden by
Andersson, Kjellbert and Forsberg (1984).

The above estimates do not give any indication of the water flow to be
expected during the preclosure period. During the preclosure period, the pres-
sure gradient will be steep from atmospheric to hydrostatic across the excava-
tion surfaces. Water flow into excavations could, therefore, be accelerated.
At the same time, the heat of the waste packages and the swelling of the clays
from the periphery of the packing material inward will likely create a moisture
gradient in the waste package that results in the metal barriers staying essen-
tially dry. Only careful simulation or in situ testing will yield answers that
can define the preclosure behavior of the hydraulic system at depth. Concerns
about the likelihood of wet-dry cycling, which may stress and perhaps cause
cracks in the bentonite, need to be experimentally evaluated by careful, real-
istic simulations.

2,1.4,2 Salt

In the stable interiors of salt beds and domes, the existence of any type
of water (brine) flow in the salt itself is problematic and is the subject of
some significant controversy. The possibility exists that water may enter salt
at one location and diffuse, molecule-by-molecule, as a saturated brine from
crystal-to-crystal in response to a water activity gradient. Also, this water
may eventually emerge from the salt at another location and contribute to a
saline aquifer. A more likely scenario is the flow of brine through intercon-
nected lenses of sedimentary material (clay, silt). The U.S. DOE (1986c)
reports about a 9% clay/impurity content for the salt at the candidate location
at Deaf Smith. The probability exists that some impurity layers are water-
bearing and conductive. The age and current integrity of candidate salt
bodies, however, argues that flow through the clay interbeds would not com-
promise the ability of salt to isolate waste. A heat source in salt will
induce the migration of an all-liquid brine inclusion toward that source. The
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mechanisms for this migration may be simply described in terms of a greater
solubility for major salt components at a higher temperature. Hence, a brine
droplet will tend to dissolve salt facing the heat source and precipitate it
again in the slightly cooler region pointing away from the heat source. Brine
inclusions that contain a vapor phase, on the other hand, migrate away from a
heat source if that vapor phase constitutes more than about 10% of the inclu-
sion volume (Olander 1984). This behavior results from vaporization of water
at the warmer end of the brine inclusion and its condensation at the cooler
end. The condensate dissolves salt in the direction pointing away from the
heat source, and this salt is precipitated where the vaporization takes place,
resulting in the migration of the inclusion. Water in impurity lenses would be
expected to migrate away from a heat source, and it is not clear what the net
effect, in terms of brine supply at the waste package, may be.

About one third to one half of the total brine accumulation at the waste
package is expected in the first 50 years after emplacement. The range is a
function of whether or not a threshold temperature gradient exists below which
no migration occurs (USDOE 1986¢).

The brine migration rate is reduced about 10% during the air-cooling of
the repository. Judging by the estimates given by U.S. DOE (1986¢c), a few hun-
dred liters of brine could surround each waste container by the time of perma-
nent closure, representing less than 100 mL of brine per square centimeter of
metal barrier surface. These are estimates that do not consider the potential
movement of brine through clay interbeds. These estimates will be refined dur-
ing the site characterization process even though the inflow of brine through
clay lenses, while there is a steep pressure gradient across opening surfaces,
should not be taken to be indicative of flow in the postclosure period.

2.1.4.3 Tuff

The unsaturated tuff host rock represents a different ground-water flow
regime. In the unsaturated zone, water will not flow in response to gravity
unless the rock matric potential is exceeded. Because matric potentials appear
to be high (-5 to -25 bars in one instance) in the welded tuff of interest and
moisture content appears to be relatively low [about 5% by weight (USDOE
1986a)], 1liquid water is not expected to move downward with gravity as the
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direct motive force. Current estimates for the average annual flux through the
undisturbed candidate repository horizon are well below 1 mm/yr (USDOE 1986a).
At a l-mm/yr flux rate, water volumes of 114 L/yr have been estimated to pass
through the repository horizon (USDOE 1986a), assuming an 11 W/m2 heat loading.
This water volume represents approximately 0.1 L/yr per metric ton of emplaced
spent fuel.

During the preclosure period, emplaced wastes will create a steep thermal
gradient. Increasing the temperature is known to decrease matric potential
(Taylor and Ashcroft 1972). A variety of mechanisms have been postulated to
explain this behavior, but the direct correlation between water vapor pressure
and temperature is sufficient to allow one to visualize the movement of water
away from a heat source. During the preclosure period, waste containers will
be contacted by warm, moist air but not by liquid water.

2.1.5 Ground-Water Composition

Preemplacement ground-water compositions should not be radically altered
by the building of the repository, except that in some cases pressures and tem-
peratures will be reduced before waste emplacement, resulting in solution off-
gassing and perhaps some mineral (e.g., calcite) precipitation. When the
spent-fuel waste is emplaced, temperatures will be increased markedly. For
some dissolved constituents (i.e., NaCl, KCI1, NayS04, KpSO4, MgSO4, Si0,, etc.)
this means a solubility increase. However, dissolved compounds with retrograde
solubilities will either precipitate (e.g., CaS0, and CaC03) or volatilize out
of solution (e.g., HZS, COZ). If steam is produced, dissolved-solid consti-
tuents will Tikely remain at the location where the vaporization occurred. The
solution, if any remains at that locality, would become more concentrated. The
introduction of organic compounds before closure should be strictly controlled
80 as to minimize potential enhancement of radionuclide complexation.

In this section, representative estimates of preemplacement ground-water
compositions are presented. Postemplacement ground-water compositions need to
be evaluated using thermodynamic calculations that are beyond the scope of the
present study. The assumption of thermodynamic equilibrium inherent in current
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thermodynamic modeling may lead to estimates that are not exact. Sensitivity
and uncertainty analyses may allow the importance of this assumption to be
evaluated.

2.1.5.1 Basalt and Crystalline

Measured constituent concentration ranges for Grande Ronde basalt ground-
water samples are given in Table 2.1. The Grande Ronde basalt contains the
Cohassett flow, which is currently the preferred repository candidate horizon.

The crystalline preemplacement ground-water composition at depth (800 m)
is "generic," representing data from a number of U.S. locations. The data

TABLE 2.1. Range of Concentration and Mean Compositions of Major
Inorganic Con?tjtuents of Grande Ronde Basalt
Ground Waters'2

Constituent Range Mean

Anions (mg/L)

HCO3 64 to 251 157

ci- 71 to 507 221

5032 1.7 to 199 92

NO3 <0.5 <0.5

F- 11 to 44 27
Cations (mg/L)

Nat . 161 to 373 269

k¥ 0.4 to 25 9.7

cat 1.0 to 10 2.7

Mgt 0.01 to 0.17 0.04
$i0, (mg/L) 82 to 162 103
Total dissolved

solids (mg/L) 527 to 1,129 830
pH (field at 25°C) 9.1 to 10.6 9.6

(a) From USDOE 1986b.
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shown in Table 2.2 are estimates for a hypothetical location but reflect the
likelihood that at-depth water encountered in United States crystalline
terrains tends to be of high ionic strength.

2.1,5.2 Salt

The near field will see interstitial salt brines that cannot be described
using analytical data for aquifers above or below the salt formation. For the
Palo Duro Basin, Lower San Andres Cycle 4 and Cycle 5 salt fluid inclusions
have been analyzed, and a representative synthetic brine composition has been
formulated for the Cycle 4 salt for use in simulation testing (Table 2.3). The

TABLE 2.2. Composition of a G?neric Ground Water in Deep
Crystalline Rock(2
Characteristic of Concentration,
Component mg/L
pH 8.0 (units at 25°C)
Eh -0,25V
ca*? 2,800
Na*t 2,500
Mg+2 150
Feyot 3
k* 20
spt2 50
Mn+2 R 0.5
HCO§ 25
ct™ 9,000
-2
504 500
F~ 2
-2
3102 6
Br~ 100

(a) Based on RRC-IWG 1986,
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TABLE 2.3. Synthetic Brine Composition f?r Lower San Andres
Cycle 4 Salt Fluid Inclusions(a)

Component Concentration, mg/L(b)
Nat 22,600
cat? 20,000
Mg+2 64,200
K 12,100
c1- 252,000
Br~ 4,400
502 - 5,380

(a) Moody, J. B, 1987,
(b) Converted from mg/kg values using den-
sity of 1.3 kg/L.

brines from fluid inclusions tend to be acidic (Moody 1987) and may be slightly
reducing if some methane gas and small amounts of pyrite are present in the
salt (USDOE 1986¢c).

2.1.5.3 Tuff

Ogard and Kerrisk (1984) compare data for waters taken from north of Yucca
Mountain (the candidate tuff repository location, well J-13), a few kilometers
east of Yucca mountain, and other nearby locations. The ground-water composi-
tion data appear to be similar. The analysis shown in Table 2.4 represents the
average composition of J-13 well water.used as control blanks in experimental
work reported by Oversby (1985), An analysis of one of the composite samples
from the J-13 well has been chosen as the reference ground-water composition
for tuff (Guzowski et al, 1983).

2.1.6 Stress

Repository conditions that could physically stress the waste package are
the Tithostatic pressure, tectonic stresses, rock stability and the potential
for heat-induced rock failure, the swelling pressure of the host rock and
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TABLE 2.4. Average Chemical Analysis of Water Samples fr?m Well J-13
Used as Control Blanks in Experimental Work'2’/ (mg/L
unless otherwise noted)

Constituent Concentration
Nat 44,7

Kk 5.11
ca*? 12.7

Mg*2 1.92
HCO3 + 032 136.0

5072 18.7

c1- 6.9

N0~ 9.6

F- 2.2

Si (total) 27.1

Fe (total) 0.008
Lit 0.044
A1t3 0.014
pH 6.9 (units)(b)

(a) Oversby 1985,
(b) Ogard and Kerrisk 1984,

certain packing materials, the increased volume of corrosion products, and
hydrostatic pressure. The vapor pressure resulting from water contact with a
heated container might also, under some circumstances, stress the waste
package, and cause hydrothermal alterations in the near field host rock that
can further contribute to the increase of pressure,

2.1.6.1 Basalt and Crystalline

Deep underground openings in basalt and crystalline rock will be shaped
and sized to maximize rock stability. Nevertheless, spalling or rock failure
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is a possibility in vertical boreholes, especially at openings (USDOE 1986b)
and when the lower portion of a borehole is heated and compressed by thermal
expansion (Brandshaug 1983). These failures are dependent on in situ stress,
temperature, and rock quality. The hypothetical consequences of these failures
could be a decreased thermal conductivity between the waste package and the

ventilated drift and some increased difficulty with retrieval (Brandshaug
1983).

The possibility of steam pressure building up in an emplacement borehole
that is well-sealed from the drift is mentioned in the RRC-IWG (1986) report.
The maximum pressure during the operational period is the saturation vapor
pressure of water at the temperature of the heat source. For a 20 W/m2 spent-
fuel repository with a 170°C maximum container surface temperature, the pres-
sure would be 0.6 MPa (RRC-IWG 1986)., This value is approximately the pressure
equivalent of 62 m of H,0 and is well below the expected hydrostatic pressures
that will prevail in basalt or granite repositories after permanent closure.
More recent design data for the basalt repository (USDOE 1986b) suggests a
hotter waste package will be emplaced. Newer temperature estimates are 200°C
for the container surface and an average of 145°C for the waste package over
its performance life. Still, vapor-pressure stress effects during the pre-
closure period are of little concern in terms of waste package integrity.

2.1.6.2 Salt

The expected lithostatic pressure of overburden and salt is 22.6 KPa/m.
Therefore, at the 800-m depth, the expected lithostatic load is 18 MPa (USDOE
1986c). Backfilled individual waste package emplacement holes may be repres-
surized to lithostatic loads within 5 years, and host rock thermal expansion
effects may temporarily increase pressures on the waste package above litho-
static. Salt-rock creep is expected to mitigate these higher pressures, how-
ever, and readjust lithostatic pressure to ambient.

2.1.6.,3 Tuff

The unsaturated tuff has no hydrostatic pressure, and rock properties are
such that openings are thought to be stable indefinitely (USDOE 1986a). High
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temperatures could possibly induce borehole surface fracturing, but this frac-
turing is not likely at projected temperatures and would have no impact on
waste package integrity (DOE 1986a).

2.2 POSTCLOSURE THERMAL PERIOD ENVIRONMENT

At the time of permanent closure, ventilation will have stopped, backfills
will be in place, and shafts will be sealed. As soon as the repository is
sealed, the underground environment will begin to change, and the long-term
postclosure environment willlbe gradually established.

2.2.1 Radiation

High y-radiation levels from the spent-fuel waste form begin to abate soon
after the beginning of the postclosure period. Generally, the surface gamma
dose rate from a typical spent-fuel assembly will be reduced by three orders of
magnitude from the time of emplacement to 500 years after closure (USDOE 1980).
However, even low y-radiation doses may still result in some ground-water
radiolysis that enhances the metal corrosion rate (Christensen and Bjergbakke
1982). 1In the host rock discussions that follow, the emphasis is on radiation
effects. Keep in mind, however, that radiolytic oxidants are not the only
possible oxidants in the repository and if reducing conditions exist in the
bulk host rock, there may be reduction of oxidizing radiolysis products as they
diffuse away from the waste package surface.

2.2.1.1 Basalt and Crystalline

As the postclosure period progresses, gamma dose rates to the near field
are reduced over time and the packing materials will receive the bulk of their
expected total cumulative gamma dose. Cumulative gamma radiation effects on
c]ays are currently under investigation in the U.S. and Canada. Preliminary
resu]ts from Canada(a) suggested that, to a degree, smectite clay may be
transformed to illite and to zeolite if the pH is greater than 9 as doses
accumulate. However, the corresponding reductions in cation exchange capacity

(a) As reported by R. B. Heimann at "The 19th Information Meeting of the
Canadian Nuclear Fuel Waste Management Program, Engineered Barriers and
Waste Forms," May 14-16, 1985, Toronto.
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and swelling potential may be compensated for by corrosion products migrating
into the packing material from container corrosion. The dose rate and cumu-
Tative dose to the packing material is a function of waste and waste package
characteristics. Based on expected waste form and preliminary waste package
design characteristics for the basalt repository, Reed, Bonar and Weiner (1985)
show that very low dose rates and cumulative doses are expected in the packing
material and negligible impacts on packing material characteristics are
expected.

The expected mean integrity time for a metal barrier of a basalt reposi-
tory waste package, assuming general uniform corrosion as the controlling
failure process, is currently on the order of 6100 years (USDOE 1986b). Fail-
ure time of a waste package metal barrier is defined as the time when the
sacrificial metal layer has been corroded, but is not necessarily the time when
radionuclide/ground-water interaction actually begins. For the sake of conser-
vatism, the U.S. DOE (1986b) suggested that metal barrier failures begin at a
lTow rate at 4500 years. Gamma radiolysis of ground waters has been calculated
to be directly proportional to dose rate, even at such low dose rates as
10-4 rad/h. At 10-4 rad/h, on the order of 10~8 moles of hydrogen could be
produced per year (Christensen and Bjergbakke 1982). The production of oxidiz-
ing radiolysis products, such as 0, and H202, would be proportional to each
other, except that recombination reactions would lower the corrosion potential
implied by the production rates. The U.S. DOE (1986¢) cites calculations that
suggest a square root relationship between dose rates and oxidizing-species
production rates in brines, and an experimentally determined threshold of
10 rads/h, below which corrosion rates are negligibly enhanced. If that
threshold is also a good approximation for basalt or crystalline repository
conditions, radiation enhancement of corrosion rates, assuming at least a 5-cm
metal barrier, should cease to be a consideration. At high dose rates, the
radiolytic production of organic polymers in synthetic ground waters under
methane was reported by Gray (1984a). At lower dose rates (Soo 1985) or in the
presence of iron (McGrail 1985), such polymers were not observed.
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2.2.1.2 Salt

As discussed for basalt and crystalline, ground-water radiolysis poten-
tially provides a supply of oxidizing species in some proportion to the dose
rate, perhaps even at very low dose rates (Gray 1984b). In the case of a
repository in salt, the metal barriers of the waste package present the pri-
mary, if not the only, material that can reduce these oxidants. Metal barrier
corrosion rate estimates that account for enhancement by heat and radiation
flux were extrapolated to yield a metal-barrier integrity time of at least
10,000 years (DOE 1986¢c). At 106 rads/h the corrosion enhancement was
reportedly twentyfold, while at l1ess than 10 rads/h, the contribution of radia-
tion dose to corrosion rate was negligible, as already discussed. With a 12-cm
metal container, salt y-dose rates are expected to be below 10 rads/h at the
time of spent-fuel waste package emplacement (USDOE 1986¢c). However, the
effectiveness of the metal barrier in reducing dose, as calculated in Clark and
Bradley (1984), suggests that perhaps durihg the first 50 years after permanent
closure, corrosion rates could potentially be enhanced by radiation doses at
the brine/metal interface.

2.2.1.3 Tuff

The expected 10,000-year container lifetime in tuff (USDOE 1986a) is based
on extrapolating uniform corrosion data obtained under high gamma flux. The
postclosure gamma dose rates at the l-cm-thick, metal barrier surface will not
be below 10 rads/h until about 150 years after closure (about 200 years after
emplacement), judging from graphical dose rate calculations presented in U.S.
DOE (1986c). Corrosion rates could potentially be radiation enhanced for a
period after permanent closure, if indeed warm water-vapor corrosion of stain-
less steel is shown to be enhanced by y-radiation in an oxidizing, open system.
In the tuff's unsaturated environment, nitric/nitrous acid production by the
y-radiolysis of atmospheric nitrogen is likely until the gamma flux is
negligible.

2.2.2 Temperature

During the postclosure containment period, the repository, as a whole,
will reach its maximum temperatures. As soon as forced ventilation ceases and
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backfill is in place, temperature gradients will readjust within a few years
after closure. Temperatures and gradients a few years after closure may be
nearly indistinguishable from temperatures that would have prevailed had
closure been simultaneous with emplacement.

2.2.2.1 Basalt and Crystalline

Recent analyses of expected corrosion rates in a basalt repository assume
that for the first 100 years, an air/steam environment would surround the metal
barrier surfaces (USDOE i986b). Hence, the very early postclosure environment
may have water vaporizing if it approaches the hot metal barriers. As pressure
increases after final closure and temperatures begin to fall, vaporization will
cease and a hot-water environment can be seen by metal barrier surfaces
(RRC-IWG 1986). In the EA (USDOE 1986b), this hot-water period (>125°C) is
assumed to last for 200 years, with lower-temperature, aqueous environments
prevailing thereafter.

Some repository thermal calculations (RRC-IWG 1986) assume a 20 W/m® 1oad-
ing for a spent-fuel repository. These estimates use a waste package heat
Toading that is less than suggested by more current designs (USDOE 1986b), but
the predicted watt/area density is similar to what is currently expected. For
example, if the entire basalt repository loading is to be 70,000 MTU of
10-year-old 33,000 MWdMTU burnup spent fuel at 1,210 W/MTU, the total watt
output, 8.5 x 10/ (USDOE 1979), spread over the total underground area (800 ha
or 8 x 10° m2) gives an 11 W/mg thermal loading at emplacement. The acceptance
and placement of higher "burnup" or 5-year-old fuel is possible, however, and
may result in higher repository heat levels, approaching those assumed for most
calculations. There may be significant differences between waste thermal char-
acteristics assumed for planning purposes (i.e., USDOE 1986b) and the character
of the waste that may actually be accepted.

One portrayal of expected repository temperatures by U.S. DOE (1986b) is
based on a thermal loading of 8.2 W/m3. This case loading is realistic because
even the 11-W/m2 estimate (for an assumed 1-m-high waste package zone) assumes
an unrealistically high burnup rate and short preemplacement cooling time for
the first repository spent-fuel inventory. At this “realistic" thermal load-
ing, the repository level (horizon) is at about 110°C at 100 years after
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emplacement, which is 50 years into the postclosure period, given the assump-
tions made here. The repository horizon is at about 100°C at 500 years

(450 years postclosure) and at about 90°C at nearly 5000 years after emplace-
ment (USDOE 1986b).

2.2.2.2 Salt

Near field temperature profiles for a spent-fuel waste package surface in
U.S. DOE (1986¢c) and Claiborne, Rickerston and Graham (1980) are in general
agreement for the first 100 years, taking into account differences in assump-
tions. An ambient, pre-emplacement temperature of about 32°C was assumed by
U.S. DOE (1986c). At the time of permanent closure (i.e., 50 years after
placement) the spent-fuel waste package (including overpack) was calculated to
be at 118°C; at 500 years after placement, it was estimated to be at 79°C.

Maximum salt temperatures close to the spent-fuel waste package should
occur at about 50 years after emplacement, according to Claiborne, Rickerston
and Graham (1980). The calculations shown in U.S. DOE (1986c) suggest that
temperatures in salt will probably peak at about 20 years after placement.
This discrepancy is a function of differences in both the models used and the
assumptions made regarding waste package heat outputs. In any case, at the
time of permanent closure, the maximum temperature of salt nearest the spent-
fuel waste package will be at or near 130°C (USDOE 1986c).

2.2.2.3 Tuff

i The repository areal therma]lloading currently assumed for tuff ranges
from 10.0 to 11.9 W/m2 (0'Neal et al, 1984), However, although other analysts
have assumed values as high as 12.4 W/m2 (Jackson 1984), the repository areal
thermal loading is still being evaluated (Johnstone, Peters and Gnirk 1984),
0'Neal et al. (1984) reproduced temperature profiles for a conservative thermal
loading assumption of near 12 W/mz, which suggest that near field temperatures
at the start of the postclosure period (about 50 years after emplacement) will
range from 200°C at the borehole wall to 230°C at the container surface. Tem-
peratures will drop rather rapidly, with perhaps a 50°C lowering in the next
50 years. At 1000 years, temperatures are expected to be near 100°C throughout
the near field.
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2.2.3 Redox Potential

At the time of permanent closure, the flow of air into a basalt, crystal-
line, or salt host rock repository ceases. The tuff repository is to be built
in the unsaturated zone where air is present by definition. Postclosure oxida-
tion-reduction potentials in the repository may be dramatically different,
depending on the choice of host rock.

2.2.3.1 Basalt and Crystalline

Both basalt and crystalline host rocks are expected to take up oxygen
after permanent closure and thereby help restore the reducing conditions that
prevailed before the repository. Laboratory experiments by Jantzen (1984)
showed that water and basalt, at elevated temperature, approached an Eh of
-0.4 V; this complements White and Yee's (1984) work and underscores the like-
Tihood that the reducing host rock surfaces exposed by excavation to years of
ventilation may become significantly oxidized by the time of permanent clo-
sure. - Oxygen may diffuse into the host rock, but at a very slow rate. Given
this possibility, the mass of reduced metal that constitutes the containers is
likely to play an important role in reducing the repository environment.

One method for accelerating or ensuring the reestablishment of reducing
conditions is the use of large amounts of relatively freshly crushed host rock
as a major packing material and backfill component. Plans are to ensure that
the rock can be crushed so that the fresh surfaces are kept dry. The material
to be packed around the waste containers is enclosed by a metal shell, and the
time between crushing and emplacement is minimized so that the air remaining
after the repository is backfilled may be rapidly depleted of its oxygen con-
tent. If this rapid oxygen depletion is accomplished, the preliminary predic-
tion for the beginning of containment failure, which was based on uniform
corrosion rates assuming the unrestricted availability of atmospheric oxygen
(USDOE 1986b), may be lengthened and begin to approach 10,000 years. Of
course, if mechanisms other than uniform corrosion are operative, the contain-
ment period could be reduced.
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2.2,3.2 Salt

As discussed in Section 2,1.3, the redox status of a repository in salt is
going to be oxidizing at closure. Oxygen introduced during the preclosure
period and produced by y-radiolysis of brines at the surface of the container
may be used up as corrosion proceeds or, perhaps, be reduced in the host
rock. The brine itself is also assumed to be completely used up in the cor-
rosion process (Jansen et al. 1985). After the brine is used up and brine
in-migration stops, corrosion stops and the metal barriers last indefinitely,
assuming that only uniform corrosion controls waste package failure. This
describes the expected case for a repository in salt (USDOE 1986c). However,
this expected case assumes a uniform distribution of available brine over the
waste package, resulting in only uniform corrosion. Further site-specific work
at depth will allow these assumptions to be experimentally evaluated.

2,2.3.3 Tuff

During the period of active corrosion of the metal barriers after gamma
flux and thermal output are greatly reduced, it is possible that an oxygen con-
centration gradient may develop, especially close to metal surfaces. Subsiding
temperature gradients will reduce the rate of convective air circulation and
will also tend to reduce the air pressure in the excavations and draw small
quantities of air and oxygen in from the surrounding rock. It is probable that
oxygen diffusion through the host rock will be adequate to allow continued
corrosion. Reducing conditions cannot be assumed for the unsaturated tuff
repository during the containment period.

2.2.4 Ground-Water Flow

Ground-water flow during the postclosure period will be radically differ-
ent in the four host rock types considered. Hard rock repositories in satu-
rated zones will begin to resaturate after pumping has stopped. In a salt
repository, brine migration will begin during the preclosure period and will
continue at a reduced rate. In unsaturated tuff, the heat from the waste
packages should ensure that the very near field is effectively dry (meaning no
mobile 1iquid water is present) as the postclosure period begins.

2,30



2.2.4.1 Basalt and Crystalline

There is no experimental work on which to base an informed estimate of the
time involved in resaturating the repository after closure. The RRC-IWG (1986)
report on expected repository conditions in crystalline rock gives "a couple of
decades" after closure as a likely resaturation time. A 15- to 50-year period
has been estimated for the saturation of the basalt repository packing
material, not taking into account the effect of clay swelling (Smith et al.
1980). A recent estimate of 300 years, perhaps more fully taking into account
the expected hydraulic characteristics of the dense interior of the basalt and
the packing material, was used in preliminary analyses shown in U.S. DOE
(1986b). The 300-year estimate represented the time to total saturation, how-
ever. It appears that some 1iquid water contact may occur following the
100-year duration assumed for the air/steam period.

After resaturation has begun, water may begin to contact waste package
metal barriers. The waste package is engineered so that barriers will be sur-
rounded by an expanding-clay barrier that effectively limits any movement of
water or solute to the diffusion process (Smith et al. 1980). Some mineral
alterations from hydrothermal effects may also be expected in the packing mate-
rial and the near field host rock.

After resaturation, a temperature-induced buoyancy effect will drive water
upward from the heat source because the density of warmer water is decreased.
This force, therefore, is greatest shortly after substantial resaturation has
taken place. At the end of the thermal period, the waste will have decayed so
that less than 6% of its emplacement-time heat will be generated (USDOE 1980).
Temperatures are still expected to be elevated at this point, even though the
vertical temperature curve through the repository will be characterized by a
broad, gentle, temperature gradient; the buoyancy effect is expected to persist
as the thermal period draws to a close.

2.2.4.2 Salt

If the temperature maximum in the very near field is reached at or before
closure, the brine migration rate will be near maximum as the postclosure con-
tainment period begins. Near 1000 years, brine migration rates will be either

2,31



zero or about 1% of the rates at emplacement, depending on flow threshold
assumptions. For practical purposes, the brine migration inflow rate becomes
negligible. As the thermal period ends at about 1000 years after emplacement,
brine may begin diffusing away from the waste packages (USDOE 1986c¢c) in the
absence of a steep thermal gradient, or in response to a pressure gradient
(ONWI 1984). On the other hand, if there is flow through clay interbeds (USDOE
1986c), the flow that may have been retarded by the presence of the heat source
may now again begin to approach the containers.

2.2.4.3 Tuff

During the first 1000 years after emplacement, the near field up to a
meter from the waste packages is expected to have temperatures exceeding 95°C
(the boiling point for water at the proposed repository location), and no
liquid water is expected to contact a waste package surface (Glassley 1986).
As waste packages cool, however, Tiquid waters in rock pores will migrate
toward the waste packages. As the 1000-year thermal period ends, a 120°C tem-
perature will still exist in the near field (0'Neal et al. 1984). Thus, the
ground-water flow will not be expected to return to prerepository conditions
until long after the thermal output of the waste packages has dropped to low
levels. Because rooms, tunnels, and emplacement-hole void spaces will not be
backfilled or packed, no capillary continuity will exist whereby unsaturated
1liquid water can reach the waste except at the bottom of the container, which
rests on the tuff. '

‘2.2.5 Ground-Water Composition

During the 1000 years represented by the expected postclosure thermal
period, ground water in the very near field will experience a variety of condi-
tions. High heat, possibly high radiation fluxes, and increasing pressure
Eharacterize the beginning of this period for some repositories. At the end of
the thermal period, prerepository conditions are approached, but not reached.
Temperature and radiation may especially affect the ground-water composition
early in this period, while accumulations of metal-barrier corrosion products
may impact the ground water later in the 1000-year thermal period and beyond.
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2.2.5.1 Basalt and Crystalline

As the basalt or crystalline repository resaturates (if resaturation
occurs in less than about 100 years) water will be forced against a thermal
gradient, which will create a concentration gradient because volatilization of
the water will increase closer to the heat source. If the waters have a moder-
ate degree of carbonate saturation, calcite may be expected to precipitate
because solubility is decreased at a higher temperature. Even closer to the
heat source, especially while pressures are low enough to allow vaporization,
other compounds may also be precipitated. As hydrostatic pressures increase,
hot Tiquid water will eventually touch the metal barrier surfaces. The time of
contact will be a function of packing material and perhaps backfill proper-
ties. Hydrothermal reactions in the backfill or the host rock, involving
alumino-silicates or glassy basalt mesostasis, at or near the waste package may
result in the formation of hydrated species that could potentially reduce
permeabilities.

Over the long term, the ground-watér composition described in Tables 2.1
and 2.2 is expected to become temporarily depleted in calcium carbonate and
enriched in silica during the thermal period and become more oxygen-poor and
iron-rich as corrosion progresses. For the greater part of the thermal period,
the packing material/host rock and their hydrothermal alteration products are
expected to control the diffusion of oxygen, if there is available oxygen in
the near field, to the metal barrier surface. Barrier metals may also be satu-
rated in the water of the very‘near field. Metal oxide and silicate solid
phases may abound because the packing material will also limit the removal of
corrosion products. It may be that corrosion products near the container and
hydrothermal alteration products in the packing material may accumulate so as
to reduce packing material porosity.

2.2.5.2 Salt

The brine composition during the thermal period will initially be affected
by high heat and oxidizing radiation, with the effects discussed in Sec-
tion 2.1.4. As the radiation flux and temperature decrease, the oxygen and
brine supply near the waste package may gradually be used up (Jansen et al.
1985). Toward the end of the thermal period, the ground-water composition
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described in Table 2.3 may again prevail in brine inclusions far enough from
the waste package to avoid the corrosion process. Near the container, iron and
other barrier metal components may be saturated in any remaining brine and may
be present in a variety of solid phases. As corrosion uses up water, dissolved
solids will precipitate very near the container; this may also result in salts
near the container being of a different composition than the bulk salt farther
from the waste package.

2.2.5.3 Tuff

During the thermal period, ground water could become saturated with iron
oxide and hydroxide and other metal solid phases, resulting in increased but
low concentrations of iron in solution. However, the composition given in
Table 2.4 may still be representative of the ground-water composition that
eventually reaches and corrodes the metal barriers during the containment
period, although the effects of hydrothermal alteration of the host rock may
have influenced ground-water compositions to some extent in the very near
field. For example, Oversby (1985) reacted Topopah Spring Tuff with J-13 water
at 150°C and found only the silica concentrations were affected to a signifi-
cant extent. Silica in solution increased approximately fourfold over a 70-day
reaction period and solubility control by cristobalite was suggested by the
final concentrations obtained.

2.2.6 Stress

_ During the postclosure containment period, stresses will increase in
basalt, crystalline, and salt host rock repositories. These stresses are
largely the result of reestablishing hydrostatic pressures, but the waste
package may also contribute to the stress environment.

2.2.6.1 Basalt and Crystalline

In a crystalline rock repository at a 1000-m depth, the water table would
need to lie at about 940 m or above to suppress any steam formation in the
sealed and backfilled repository (based on 60-year spent fuel temperature/vapor
space pressure curve in RRC-IWG 1986)., At 1000 m, the lithostatic load of a
2.9 g/cm3 density basalt or crystalline rock is about 28 MPa. After the
repository is completely filled with water, the expanding clay packing
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materials and backfills will have reached their maximum expansion, and the host
rock will have expanded somewhat into the excavation. Then, the total pressure
on the waste container should be equal to or somewhat in excess of the hydrau-
lic (hydrostatic) load, depending on the clay composition density and swelling
potential in the packing material. The hydrostatic load is calculated to be
about 10 MPa for a repository in basalt (Smith et al. 1980). The water and
expanded clay matrix should support the rock openings, and as long as these
openings are intact they will continue to dissipate and redirect strain energy
around the excavations. As the repository cools and the rock contracts
slightly, pressures will relax siightly and slowly reach a long-term and stable
equilibrium. Any retraction of host rock from the emplacement holes will allow
the pressurized, expanded clay matrix of the packing material to relax
slightly. The metal barrier corrosion process will produce corrosion products
that have higher molar volumes than the uncorroded metals.

2.2.6,2 Salt

At a depth of about 800 m in the candidate salt horizon, minimum hori-
zontal stress is about equal to a vertical stress of 20 or 21 MPa, as in undis-
turbed salt (based on USDOE 1986c). When backfilling is complete, this uniform
Tevel of stress is rapidly restored because salt creep fills voids, and high
temperatures probably heal any cracks near the metal barriers. The postclosure
temperature rise will probably create a climate that accelerates salt creep and
may temporarily disturb near field pressure regimes, but over the long term the
salt will likely readjust as teﬁperatures gradually decrease. Well before the
end of the thermal period, preconstruction stress conditions should again
prevail,

2.2,6.3 Tuff

Although the host rock is stressed, and mining and the thermal period may
redistribute or add to that stress in a transitory manner, stress is not
expected to be transmitted to the waste containers as long as boreholes remain
open (USDOE 1986a). The in situ stress ratio (horizontal/vertical) is expected
to be between 1 and 0.5, which is particularly favorable to the stability of
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excavations (Scully and Hunter 1984). The expected case, therefore, is that
only atmospheric pressure will affect the waste package during the thermal
period and beyond.

2.3 POSTTHERMAL PERIOD ENVIRONMENTS

As discussed previously, the postthermal period is chosen as beginning at
1000 years after permanent closure. During the postthermal period, conditions
in the repository very near field will probably be gradually returning to
preemplacement conditions in a number of ways.

2.3.1 Radiation

Gamma dose rates at spent-fuel surfaces at 1000 years after emplacement
are expected to be <10 rad/h or 0.03% to 0.02% of what they were at the time of
closure (USDOE 1980). These dose rates, assuming intact containers, should be
negligible in terms of radiolysis or other corrosion effects at the container
surface. It is not currently known if cumulative doses absorbed by metal bar-
riers make them more susceptible to corrosion processes. With eventual breach
of the metal barriers allowing brine access to the spent fuel surface, however,
a-radiolysis of ground water commences.

It appears that in the postthermal period, accelerated corrosion of con-
tainer metals or dissolution of the waste form is a distinct probability once
ground water actually contacts the U02 matrix. Essentially, direct contact
between the U0, matrix and water is required for a-radiolysis because cladding
éffective]y stops a-radiation.

2.3.1.1 Basalt and Crystalline

Because bentonite clays may be used as part of packing materials and back-
fills in both basalt and crystalline rock repositories, a-radiolysis effects on
clays need to be known. Haire and Beall (1979) investigated alpha radiation
damage on montmorillonite, kaolin, and attapulgite using 253Es (20.5 day half-
life, 6.6 MeV a) in sodium chloride/acetate buffer solutions at pH 5. At Es
loadings of 0.001 to -0.01 meq/100 g of clay (a one part in 104 loading of the
exchange capacity), no structural damage was observed over 2 weeks. However,
at 10, 30, and 100 meq/100 g of clay loadings for kaolinite, attapulgite, and
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montmorillonite respectively, (clay adsorption sites were completely saturated
with Es), extensive structural damage was noted in less than 1 day for mont-
morillonite and within 2 to 4 days for attapulgite and kaolinite. Despite
extensive structural damage, the adsorbent's sorptive capacity did not
decrease. In fact, Es adsorption appeared to increase slightly. These results
suggest that either Es remained adsorbed on the clay fragments, or Es precipi-
tates or colloids formed that were readily filtered.

Calculations by Beall (1984) [using the results of the work by Haire and
Beall (1979)] suggested that a release rate ratio of 10'5/yr of radionuclides
from the waste package could structurally destroy the clay fraction of a clay
backfill and perhaps render it an amorphous silica-alumina gel in fewer than
200 years. The experimental results suggested that the amorphous gel that was
produced still provided a barrier to ground-water flow and still acted as a
sorptive medium.

Certain problems must be considered when applying these results to a
basalt or crystalline rock repository. First, the saturation of montmoril-
Tonite with 100 meq 253Es per 100 g is extremely unlikely under expected
repository conditions, given competitive adsorption between dilute actinides in
solution and relatively concentrated dissolved macro cation constituents of the
ground water. Second, neither the experimental rate of «-emission per emitter
nor the energy per a-emission even remotely represent that expected in a
repository. Third, kaolin and attapulgite are not likely to be used in reposi-
tory engineered barriers. Kaoiin is reversibly capable of becoming gibbsite,
hydrated alumina, and releasing silica even under environmental conditions
(Velde 1977). 1In the same vein, attapulgite (or palygorskite) is a tempera-
ture-sensitive clay mineral that breaks down into montmorillonite and quartz at
temperatures exceeding 80°C (Velde 1977). It could be that a montmorillonitic
phase was formed at the energy input rates to which the attapulgite clay was
subjected in Haire and Beall (1979). Fourth, the test solution used does not
resemble an expected repository ground water in pH or composition. Neverthe-
Tess, these results, and the speculative calculations based on them, do suggest
that the behavior of montmorillonite under a-radiation needs to be established
for expected repository conditions.
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Alpha radiolysis of ground-water solutions, when such solutions begin to
contact spent fuel, may result in oxygen release. Burns et al. (1982) suggest
that the lack of gas phase N, in a saturated repository should prevent local-
ized nitric acid formation. Others, however, suggest that dissolved N, in
ground water may allow a-radiolytic nitric acid production (Rai, Strickert and
Ryan 1980). The limited extent to which a-radiolysis affects water should be
appreciated, however. If more than a thin film of water is present as expected
in a saturated system, oxidative radiolysis products may diffuse into the bulk
solution and be reduced by host rock as well as contribute to container
corrosion,

2.3.1.2 Salt

Alpha radiolysis of saturated brine was studied by Pederson et al. (1984).

244Cm+3 to brine under a nitrogen atmosphere resulted in H, and

Adding aqueous
0, production, a low pH because of nitric acid production, and an extremely
high oxidation potential. Rai, Strickert and Ryan (1980) review results which
suggest that nitric acid production is possible in air or N,-saturated solu-
tions in contact with an alpha-emitting solid. Therefore, if the salt reposi-
tory environment at postcontainment still has trapped air (oxygen poor, per-
haps, because of corrosion) under pressure at depth, localized pH could be
significantly lowered as a-release begins. In a repository, however, the
removal of No by diffusion over time could mitigate the extent to which Ny
would be available as «-radiolysis beginé.

Experiments are in progress %hat more directly apply to predicting
expected repository conditions. Alpha radiation effects on saturated, pres-
surized brines at varying gas composition levels are being studied to allow a
better prediction of expected repository conditions in terms of enhanced
pressures and oxidation potentials (Gray and Simonson 1985).

2.3.1.3 Tuff

Container failure is not expected for tens of thousands of years after
emplacement under uniform corrosion conditions (USDOE 1986a), although local-
ized corrosion modeslmay cause earlier breaches of containers (Oversby and
McCright 1985). When a container has failed in an unsaturated tuff repository
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and alpha-emitting solids become accessible to ground water, the potential
exists for a-radiolysis of thin-film contact waters. Because air will be
present in the repository, nitric acid can be formed in thin-film contact
waters (Burns et al. 1982) and corrosion rates may be enhanced for the
remaining metal structures of failed waste packages.

2.3.2 Temperature

At 1000 years after permanent closure, a spent-fuel assembly that was
emplaced with a thermal power output of 5000 W will have its thermal output
reduced to about 25 W (USDOE 1979). Therefore, in the very near field, tem-
perature gradients will be low as the postthermal period begins.

2.3.2.1 Basalt and Crystalline

As the postthermal period begins, the basalt repository will have cooled
to about 100°C and will be about 45°C above the preemplacement ambient tempera-
ture (USDOE 1986b). Temperatures will fall very slowly during the postthermal
period, perhaps 3° or 4°C over the next 5000 years. Therefore, near field
radionuclide migration will begin to take place in an environment that is at
about 45°C above preemplacement ambient temperatures. This enhanced tempera-
ture should be factored into thermodynamic, rock mechanical, or transport
calculations affecting the radionuclide flux into the host rock from the
engineered barrier system.

2.3.2.2 Sa]t

When the postthermal period begins, temperatures near 70°C will prevail
throughout the repository (DOE 1986c) decreasing to near the preemplacement
temperature by 10,000 years after closure. The horizontal thermal gradient is
not expected to be significant at the repository horizon during this period.
Vertical temperature gradients should still be enhanced at the start of the
postthermal period, but decrease gradually to approximate the gradient existing
before the repository was built (about 2°C/100 m) by 10,000 years after clos-
ure. The higher thermal conductivity of salt [~4.5 W/(mK)], compared to other
candidate host rock types [<3 W/(mK)], results in these relatively unique
thermal gradient conditions.
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2.,3.2.3 Tuff

From 1,000 years to 10,000 years after closure as radijonuclides begin to
become accessible to ground water, thermal profiles of Sinnock, Lin and Brannon
(1984) indicate that the near field temperature elevation above ambient may
have fallen from near 80°C to about 20°C; hence, the 10,000-year temperature
gradient will not be very steep. The very near field temperature elevation, at
the time uniform corrosion is expected to breach waste packages, will not be
much higher than the temperature elevations experienced by the host rock for
hundreds of meters in all directions except up. If the repository is built
350 m from the surface, the gradient will be relatively steep in the upward
direction from the repository even 50,000 years after closure and beyond.

2.3.3 Redox Potential

At the close of the thermal period, redox potentials should be as low as
possible. Metal barrier oxidation will have been occurring for 1000 years, and
gamma-ray-induced radiolytic production of oxidizing species will probably have
ceased. As radionuclides begin to be contacted by ground water, a-radiolysis
of ground water may create oxidizing environments at ground water/waste-form
interfaces.

2,3.3.1 Basalt and Crystalline

Neretnieks and Aslund (1983) postulate that as ground water enters a con-
tainer and contacts the waste form, Hos 0o, Ho0o, and uranium (VI) could result
from radiolysis (largely a-radiolysis). Being relatively unreactive, it is
postulated that H, will diffuse away leaving behind an environment relatively
enriched in oxidizing species. These reactive oxidizing species could accel-
erate the corrosion of the waste form or what remains of the container and also
greatly increase the solubility of some radionuclides (i.e., U, Np, Tc). As
radionuclides dissolve and migrate by diffusion into the packing material
and/or host rock, a-radiolysis continues and a redox front with oxidizing con-
ditions behind it begins to move away from each of the breached waste packages.
Neretnieks and As]unq's (1983) analysis showed that release from the spent fuel
in a single container could oxidize tens of meters in this manner. This con-
cept was included in radionuclide migration calculations performed for the
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KBS-3 safety analysis. Likewise Andersson, Kjellbert and Forsberg (1984)
assumed that the entire repository surface area was oxidizing for their
calculations. The extent of oxidizing conditions would be a function of the
concentration of alpha-emitting radionuclides and the relative availability of
reduced iron in the metal barriers, packing material, and host rock.

2.3.3.2 Salt

When metal barriers begin to fail and brine contacts the irradiated U0,
matrix of the spent fuel, oxidizing conditions will probably develop within the
waste package because of radiolysis; this could accelerate further corrosion of
the metals and the U0, matrix. However, because some limited brine migration
(away from the brine collected around the waste package) and diffusion are the
only mechanisms considered (USDOE 1986c) to transport the radionuclides, essen-
tially no releases from the repository host rock unit are expected for at least
100,000 years after containment failure (USDOE 1986¢c).

2.3.3.3 Tuff

For modeling purposes, water is postulated to enter the containers and
contact spent fuel during the postthermal period (Oversby and McCright 1985).
In the unsaturated setting of the tuff repository, it is expected that cladding
and cladding breaches will result in gaseous carbon-14 releases. These
releases are expected to be spread over long periods of time, however, cor-
responding to the time-spread over which canister breaching occurs (Oversby and
McCright 1985; Rickertson and Van Luik 1985). Thin films of water in contact
with the U0, matrix will, perhaps, become a slightly more aggressive corrosive
agent in the tuff repository, since it may contain some hydrogen peroxide and
nitric acid radiolysis products. The net effect of these radiolytic changes in
the chemistry of the ground water, in terms of possible enhancement of radio-
nuclide transport, is unknown. This effect depends on the extent to which
radionuclide solubility or ground-water flux is affected by a higher oxidation
potential in an already oxic system. The net effect of a slightly more acidic
solution that may be a result from a radiolytic nitric acid production may be
to enhance radionuclide transport in the very near field.
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2.3.4 Ground-Water Flow

As the postthermal period begins, the waste heat that provided the driving
force for water flow in the thermal period (i.e., buoyancy, brine migration,
vaporization) is or is becoming greatly reduced. During the postthermal
period, therefore, ground-water flow may be beginning to reapproach preem-
placement conditions, assuming that the transitory temperature increases will
not induce chemical or physical rock-property changes that are sufficient to
modify the near field environment.

2.3.4.1 Basalt and Crystalline

The postthermal period begins with a reduced temperature gradient across
the repository, perhaps lowering the effectiveness of buoyancy as an inducer of
ground-water flow. However, no threshold temperature gradient for buoyant flow
is known, and perhaps only in situ testing can provide information on whether
such a threshold exists.

In the rocks surrounding the repository, ground-water flow rates and
directions may be tending toward their preemplacement norms. The packing and
backfill materials should still effectively reduce fluxes around the metal
barriers so that diffusion controls the rate of movement of materials to and
from the metal barriers and the exposed waste form.

2.3.4.2 Salt

After the thermal period, the diffusive redistribution of the brine that
has migrated toward the waste pacﬁages may continue. Preliminary estimates of
a possible water diffusion rate in salt suggest that a 10-m distance could be
traversed in 100,000 years (USDOE 1986¢c). A likely mechanism for radionuclide
transport through salt, barring flow in clay lenses, has not been identified.
However, pressure, and perhaps concentration gradients, may play a role (ONWI
1984). Experience at the Waste Isolation Pilot Plant in New Mexico shows that
water flow may be somewhat 1ikely in sedimentary interbeds. As noted by the
U.S. DOE (1986c), the potential for interbed flow needs to be assessed at depth
for the candidate site.
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2.3.4.3 Tuff

When water-borne radionuclide release becomes possible, either one of two
conditions or both must exist to allow radionuciide migration: 1) downward-
moving water [1ess than 0.5 mm/year (USDOE 1986¢c)] may saturate the ceiling
because of the capillary discontinuity presented by the open room, and water
drips on the container, or 2) the waste container can collapse and bring spent
fuel into intimate contact with the tuff of the borehole wall or bottom. These
conditions seem highly unlikely, but even if both of these conditions were to
exist, only a small portion of the total flux through the repository horizon
may be able to contact the waste form. The entire area of the bottom of
35,000 vertical emplacement holes is less than 0.2% of the total repository
area of about 6 x 10° m2 (Sinnock, Lin and Brannon 1984),

According to Oversby and McCright (1985), a flux rate of 1 mm/year, or
1073 m3/(m2-yr) and a borehole spacing of 5 to 8 m in a drift 6-m wide, would
suggest about a 40-m? drift area per waste package, with each borehole area
receiving on the order of 40 L/yr. If only water flowing directly onto each
borehole is considered 1ikely to enter a borehole, 0.5 L/yr may become avail-
able for dissolution and transport per container, if the conservative assump-

tion is made that all of this water contacts the waste form.

In the description of source-term modeling by Oversby and McCright (1985),
a dripping water scenario was combined with a scenario assuming a crack in the
top of the container to result.in a water-filled, spent-fuel container with a
0.3 L/kg water to spent-fuel ratio. Container breach in this scenario is, of
necessity, to be followed by nearly 2000 years of water infiltration to provide
this 0.3 L/kg ratio, since about a 900-L water-volume capacity is assumed for
the container holding 3100 kg of spent fuel. Thus, the period required to fill
the container is nearly the same as the 2000 years assumed for the degradation
of the spent-fuel cladding within the container after the container is
breached. These modeling scenarios are not particularly reflective of the
expected futures of waste packages in an unsaturated tuff repository, however,
and may be unrealistically conservative with respect to the availability rates
of lTiquid water to corrode, dissolve, and transport.
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Oversby and McCright (1985) also discuss the likely airborne release of
carbon-14 from crud and cladding surfaces and the spent-fuel cladding. The 1
spent-fuel release modeling being done for the tuff project divides spent fuel
into four parts, each of which releases radionuclides at a characteristic
rate. This modeling is discussed in Section 4.0.

2.3.5 Ground-Water Composition

During the postthermal period, the ground-water composition close to the
waste form, if containment has failed, will likely be oxygenated by the
a-radiolysis referred to in Section 2.3.1. After ground water reaches the U02
matrix, it should become saturated with respect to alteration products of
barrier metals as well as uranium and radionuclides that are released from the
U0, matrix. The matrix dissolution rate depends on the concentration of dis-
solved waste form components, that are, in turn, affected by the ability of the
aqueous transport system to remove the dissolved uranium that controis U02 dis-
solution (see Section 4.0). Concentrations of nuclides that are not Timited by
solubility constraints will increase in solution as a function of how their
diffusion rate, or the ground-water flux, compares with the matrix dissolution
rate. Ground-water compositions at the waste form surface during the postcon-
tainment period will most 1ikely be saturated with respect to sparingly soluble
alteration products of barrier metals and radionuclide-bearing solids. Those
saturation concentrations have yet to be determined, but preliminary estimates
are available. '

2.3.5.1 Basalt and Crysta]f%ne

Preliminary estimates for radionuclide solubilities in basalt ground water

were prepared for U.,S. DOE (1986b). These estimates are given as ranges
(Table 2.5) and are based on expert judgment with some experimental evidence.

The Tower values of the ranges are thought to represent likely conditions in L
the packing material, but do not include a-radiolysis oxidative effects. The

higher values of the ranges represent solubilities in water exposed to air. l
These values are, therefore, bounding estimates and may also serve as bounds

for a crystalline rock repository because chemical characteristics of the host !
rock and waste package packing material are roughly comparable.
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TABLE 2.5. Estimates of Solubility Ra?g?s for Radionuclides in the Basalt
Repository Very Near Field

Radionuclide Solubility Range, moles/L

Carbon-14 4 x 1078 to 4 x 1077
Todine-129 1 x100 to1 x 1072
Neptunium-237 1 x 1077 to 3 x 1079
Plutoni um-239 1 x 1078 to 2 x 10711
Plutonium-240 6 x 1007 to 9 x 10712
Plutonium-242 2 x 1079 to 3 x 10712
Technet ium-99 5 x 107% to 2 x 1078
Selenium-79 1 x 1074 to 1 x 1078
Tin-126 3 x 1076 0 3 x 10711

(a) Based on U.S. DOE 1986b.

2.3.5.,2 Salt

Radionuclide solubilities for salt brine are also given as expert-
judgment-based estimates by U.S. DOE (1986¢c). Values were given in grams per
cubic meter but were changed to moles per liter for Table 2.6.

2.3.5.3 Tuff

Solubilities for 10 selected radionuclides (Table 2.7) have been presented
by U.S. DOE (1986a). These values are for water that is characteristic of
Yucca Mountain, at pH 7, Enh 700 mV, and 25°C. Kerrisk (1984) was the first to
publish these values.

2.3.6 Stress

Postthermal period stresses will be continuations of the near-equilibrium
internal pressures that characterized the latter part of the postclosure
thermal period.

2.3.6.1 Basalt and Crystalline

Stresses on the waste container that prevail as the container fails during
the postthermal period will probably be equal to the hydrostatic (hydraulic)
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TABLE 2.6. Estimated Solubilities,of Radionuclides in
a Saturated Salt Brine(2

Approximate Solubility,

Radionuclide moles/L
Carbon-14 1076
Selenium-79 10-8
Strontium-90 10"5
Technetium-99 10-8
Tin-126 10-9
Iodine-129 5
Cesium-135 4
Thorium-230 1079
Uranium-234 1079
Neptunium-237 1079
Plutonium-238 to 242 1079
Americium-241,243 10-10
Curium-244 1079

(a) Based on U.S. DOE 1986¢c.

pressure. The pressure created by physical confinement of wet, expanded clays
[about 5 MPa (Smith et al. 1980)] should have no role in a 10 MPa environment.
In the basalt repository location, the hydraulic pressure at a 1000-m depth is
thought to be roughly 100 bars or 10 MPa (Smith et al. 1980). The lithostatic
pressure, on the other hand, is approximately the depth (about 1000 m) times
the mean density of the overburden (about 2600 kg/mz) times the acceleration of
gravity (9.8 m/sz) or 26 MPa, The horizontal to vertical stress ratio was
measured and ranged between 2.1 and 2.6 (Wilde, Ash and Jones 1984), Thus, if
the vertical stress component is approximately equivalent to the lithostatic
pressure, the horizontal stresses are at or near 60 MPa. Within the excava-
tions, the long-term, near-equilibrium stress on the waste container should
remain roughly similar to the hydraulic pressure (i.e., at or somewhat above
10 MPa). As container failures increase, void spaces within containers may
become filled with wet, expanded clay, somewhat relieving any pressures in
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TABLE 2.7. Expected Solubilities for Selected Radionuclides

in Y%gsa Mountain Ground Water at Neutral pH and

25°C

Solubility,
Element (P) moles/L
Carbon large
Strontium 9.4 x 1074
Technetium large
Tin 1.0 x 1072
Cesium large
Radi um 1.0 x 1077
Uranium 2.1 x 1074
Neptunium 3.0 x 1073
Plutonium 1.8 x 1076
Americium 1.0 x 1078

(a) Based on U.S., DOE 1986a

(b) Selected elements represent
99% of spent-fuel radioac-
tivity 1000 years after
closure

excess of the hydraulic pressure caused by the expansion of clay/host rock
alteration products and/or corrosion products.

For intrusive crystalline rocks, horizontal and vertical stresses and
their ratios cover a wide range (Robinson 1984; Osnes et al. 1984), The basalt
stress ratio values appear to be near the middle of the range measured for
plutonic crystalline rocks.

2.3.6.2 Salt

Postthermal period stress should be essentially the same as preconstruc-
tion stresses within the salt at depth, namely about 21 MPa vertical as well as
horizontal (USDOE 1986c).
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2.3.6.3 Tuff i

It is expected that boreholes will be open and stable during the post- [
thermal period. Hence, intact and failed waste packages will be at atmospheric
pressure.

2,4 PRELIMINARY SPENT-FUEL WASTE PACKAGE PERFORMANCE EVALUATIONS

One of the numerous requirements of the 10 CFR 960 general siting guide- {
Tines is that 100,000-year system performance assessments be done and the

results compared for the characterized sites. One of these 100,000-year system ’
performance assessments will include the expected engineered barrier system

performance. Therefore, realistic, yet defensibly conservative, estimates must I
be made of the behavior of engineered barrier system components over long

times. These estimates require data gathered as part of the site characteriza- [
tion and testing process. The conceptual models and analytical approaches, ‘
however, must be largely defined before site characterization because site
characterization will, in part, be guided by the data needs for these models
and approaches. Hence, current spent-fuel waste package performance assessment
methods and approaches are not likely to be radically different from postchar-
acterization methods and approaches. It seems, therefore, that preliminary
performance assessment treatments of spent fuel as a waste form may be used to
help guide preliminary evaluations as to its adequacy as a waste form in
present waste package designs.

'204.1 Basa]t

The preliminary waste package performance assessment for the basalt site
is described in the Hanford Site EA (USDOE 1986b). The failure of a spent-fuel
waste package in a basalt repository is defined by the corrosion of 7.5 cm of
the 8.3-cm-thick container wall. The remaining 0.8 cm is considered to be
vulnerable to stress-induced collapse. Corrosion is assumed uniform, and rate

equations are based on ranges observed in short-term laboratory experiments.
These rate ranges were statistically sampled by a Monte Carlo simulation rou-
tine, and an assumed Gaussian distribution of expected waste container 1ife-
times was constructed with a mean time to failure of 6100 years and a 600-year
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standard deviation. Failures were predicted to begin at a lTow rate around

4000 years after emplacement, and all containers were predicted to have failed
by about 8600 years.

After failure of the spent-fuel container (i.e., only 0.8 cm of the con-
tainer wall remains), the remaining parts of the container and its corrosion
products, spent-fuel cladding, and the U0, matrix were assumed to have no
further direct influence on the release of radionuclides from the container.
In other words, the entire inventory of each radionuclide of interest present
at time of failure was assumed to be located within the packing material and
available for transport at the time of container failure. Because the packing
material was assumed to be intact, it was considered to be a viable barrier
that reduced ground-water flux to such a low rate that advective radionuclide
transport was considered negligible. Molecular diffusion was considered the
primary mechanism transporting radionuclides through the packing material.
This assumption indirectly implies that the spent fuel and its container main-
tain tﬁeir respective structural integrity (i.e., no shearing of waste packages
under stress). In other words, containers and/or spent fuel are assumed to
maintain their shape and volume to a sufficient extent so that collapses or
depletions can be neglected in terms of potential negative effects on the
integrity of the packing material. Packing material shape and volume and
density, porosity, and hydraulic conductivity are assumed to remain essentially
constant over the functional life of the geologic disposal system; this is
expected to be true if the minéralogical makeup of the packing and the tem-
peratures to which it is subjected are properly controlled. However, even if
it is not true, and voids and cracks occur, the low water flux in the dense
interior of a Basalt flow may still allow diffusion to govern the transport of
radionuclides.

For the release rate evaluation, a diffusion coefficient of 1076 cmz/s was
assumed for the packing material, the damaged and/or disturbed host rock zone,
and the intact host rock. A 7.5-m zero-concentration boundary was assumed for
the equilibrium representative case, and a pathlength from the waste centerline
to the waste package system boundary of 44.5 cm was assumed from conceptual
design data.
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The results for high-solubility, zero sorptivity 129; given in the EA were
Jjust below the 10 CFR 60 release rate requirement for that radionuclide. It
was repeatedly emphasized that these preliminary results were highly dependent
on the assumptions that were made. The EA notes that the assumption of uniform
container corrosion was conservative (in view of the high, oxygen-rich observed
rates assumed to apply) unless more rapid, more localized corrosion mechanisms
could be operative. The unstated assumption that the volume in the container
region is not significantly reduced at or after the time of failure may also be
a nonconservative assumption-if internal voids occur in the containers at time
of emplacement, although water fluxes in the dense interiors of basalt may be
sufficiently close to zero that diffusion would still control transport. The
basalt project is actively pursuing the development of a probabilistic waste
package performance assessment model (Sagar, Elsinger and Baca 1986).

2.4.2 Salt

The salt site EA (USDOE 1986c) presents a series of bounding calculations
for its waste package performance assessment because no waste package failure
is expected to occur. The bounding calculations are of little interest here
except to note that, where spent-fuel behavior is concerned, neither the spent-
fuel cladding nor the U02 matrix dissolution rate are considered. Assuming a
container failure, the secondary metal barrier of the internal container that
is part of the salt repository conceptual waste package design is also consid-
ered failed, and brine is assumed to contact the waste form. Waste form radio-
nuclides are then assumed to saturate the volume of stagnant brine that may be
available around the waste package. A diffusion rate or low water flow rate is
assumed to remove radionuclides from the very near field. However, no likely
transport mechanisms for radionuclides in salt have as yet been identified by
the salt project (USDOE 1986¢c; Bloom and Raines 1986).

Thus, the preliminary performance assessment for the salt case really does
not take into account any of the waste form's properties. If uniform corro-
sion, sufficiency of metal barriers against stress, limited volumes of migrat-
ing brine, and consumption of the corrosive agents in the available brine can
be demonstrated with reasonable assurance, waste packages will maintain their

2.50



integrity indefinitely and waste-form characteristics are irrelevant. These
assumptions require experimental evaluation.

2.4.3 Tuff

Two of the three performance assessments reported by U.S. DOE (1986a)
for an engineered barrier system in a tuff repository were based on a repre-
sentative container case. Expected container lifetimes, assuming only uni-
form corrosion, are estimated to be on the order of 10,000 years. After
10,000 years, the expected flux rates times the horizontal container area is
considered to be the expected volume of water that could contact the waste.
This volume may range from 0.1 to about 0.2 L/yr. In the first model, all
water flowing through the repository is assumed to become saturated with all
inventory radionuclides, while in the second model only water at the waste form
surface was assumed saturated with all the inventory radionuclides. In the
Tatter case, diffusion transported radionuclides away from the waste form,
resu]ting in a concentration gradient and, hence, less total radionuclide mass
in the downward-moving ground water. Both these models were first reported by
Kerrisk (1984). A similar model with yet a different scheme for controlling
radionuclide concentrations in the ground water is that by Sinnock, Lin and
Brannon (1984), which was not included in the EA discussion of this topic. In
this third model, radionuclides entered the ground-water flux at a rate deter-
mined by abundance relative to uranium multiplied by the bulk waste form disso-
Tution rate. Cladding was not considered in these preliminary assessments,
although distributions in both container and cladding failures were used in the
third waste package performance assessment reported in U.S. DOE (1986a), which
was based on the work of Oversby and McCright (1985). Batch release rate tests
with large, artificially induced cladding defects show that initial release
rates are lower by one or two orders of magnitude than release rates for unclad
spent UOp. If U0, solubility is conservatively estimated to be 5 x 1072 kg/m3
(see Sinnock, Lin and Brannon 1984), 8.3 x 10-6 kg of the U0, matrix may be
transported in one year's flux. This represents a fractional mass release rate
on the order of 10f9 per year, which is well within the 10 CFR 60 performance
requirement of 10-° per year.
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These bounding calculations are sensitive to the assumed ground-water
flux, the assumed fraction of that flux contacting the waste form, and U02
solubility. Each value chosen for these three parameters appears to be con-
servatively estimated for the EA calculations, given the limited data available
for the repository horizon. Spent-fuel waste form performance modeling
improvements are in progress (0'Connell and Drach 1986).

2.4.4 Conclusions

The bounding or generaliy conservative preliminary performance assessments
shown in the EAs suggest that spent fuel is an adequate waste form for geologic
disposal. The governing regulations, however, require that reasonable assur-
ance be demonstrated. Reasonable assurance implies that 1) any data values
used either adequately represent the system being evaluated or are demonstrably
conservative, 2) models are mathematically correct and conceptually describe
the system simulated, and 3) resulting predictions are credible in view of the
amount of uncertainty that is nested within each value and assumption. The
propagation of uncertainty by each calculation and model must also be assessed.
Demonstrating reasonable assurance is the major motivation for the present
reevaluation of the spent-fuel data base.
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3.0 CONTAINMENT BY CLAD SPENT FUEL

It appears, for the foreseeable future, that spent-fuel rods from U.S.
commercial nuclear power plants will not be reprocessed. Thus, the condition
of the spent-fuel rods and their ability to contribute toward containment of
radioactive wastes under repository conditions has come under greater scrutiny.
The spent-fuel waste form (i.e., fuel rods emplaced in containers without
removal of the cladding) may contribute toward radionuclide retention through
both the cladding and the actual fuel.

Four areas concerning spent-fuel behavior under repository conditions are
discussed in Sections 3.1 through 3.4: 1) the expected condition of spent-fuel
rods on arrival at a nuclear waste repository, 2) identification of potential
failure modes or processes in spent fuel during and after the containment per-
iod, 3) the current status/adequacy of performance models for spent fuel under
repository conditions, and 4) a summary of the available data in support of
performance models for spent fuel in repository environments.

Some of the information provided is based on actual experience, such as
the condition of spent fuel after wet storage and limited dry storage. Other
information, such as the condition of spent fuel rods after long-term dry stor-
age or performance of spent fuel in a repository environment, is only beginning
to be defined by actual data. Thus, prediction of performance of the spent-
fuel waste form under repository conditions relies on either extrapolations of
short-term data or models that'hay have limited or no supporting experimental
data. Those areas requiring additional supporting data or analyses are
discussed in Section 5.

3.1 REVIEW OF EXPECTED RANGE IN SPENT-FUEL AND CLADDING CHARACTERISTICS
ON RECEIPT AT A REPOSITORY

This section provides information on the expected condition of spent-fuel
rods on arrival at a repository. Four major concerns are addressed: 1) fuel
rod and assembly thermal characteristics, 2) cladding characteristics, 3) clad-
ding integrity, and 4) content and distribution of the solid and gaseous mate-
rial in the fuel and void space within the fuel rod.
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3.1.1 Thermal Characteristics of Irradiated Spent-Fuel Rods

The thermal characteristics of spent-fuel rods are discussed in this sec-
tion. The general power history is described and related to the decay heat and
burnup expected from typical pressurized water reactor (PWR) and boiling water
reactor (BWR) fuel-rod designs. The effect of age (time since discharge from
the reactor) is also included in the discussion.

3.1.1.1 Power History

Fuel assemblies are moved about in the core to achieve the desired burnup
and power. As a result, the initial power in a fuel rod is generally higher
than later in 1ife. Fuel rods in 1ight water reactors (LWR) typically operate
at linear heat generation rates (LHGR) of 19 to 23 kW/m (6 to 7 kW/ft). An
example of the power history for fuel assembly BO-5 from the H. B. Robinson,
Unit 2 reactor is shown in Figure 3.1 (Barner 1984). This assembly achieved a
typical PWR burnup of 28 megawatt days per kg of metal (MWd/kgM). The peak
LHGR of 32.7 kW/m (10.0 kW/ft) occurred in December 1971 after about 150 effec-
tive full-power days (EFPD). The LHGR decreased to 21.2 kW/m (6.5 kW/ft) by
the end-of-1ife (EOL), which occurred in May 1974,

40

Peak Pellet 10

£
; R =
N
-! el
o 20 w j :
2 ® 5
L Assembly Average g
-
- 10F Cycle 1 Cycle 2
o) 1 | | | 1 | i 0
0 100 200 300 400 500 600 700 800

Effective Full Power Days

FIGURE 3.1, Power History for Assembly BO-5 from H. B. Robinson,
Unit 2 PWR Reactor (Barner 1984)
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3.1.1.2 Decay Heat

The decay heat and fuel temperature after nuclear fuel is discharged from
the reactor depends on the burnup, power history, and age. Temperatures in the
fuel rod also depend on the heat transfer characteristics of the storage medium
and/or the waste package. For a typical PWR burnup of 33 MWd/kgM and a spe-
cific power of 37.5 kW/kgM, the decrease in decay heat with time is as approxi-
mated in Figure 3.2, These curves were calculated by Malbrain, Lester and
Deutch (1981) using a simplified equation for spent-fuel decay heat.

The age of a spent-fuel assembly (i.e., the amount of time since the fuel
assembly was discharged from the reactor) also plays an important role in
determining the fuel rod temperatures during storage. The much slower decrease
in decay heat 20 years after discharge is shown in Figure 3.3 for a range of
typical PWR and BWR burnups. Storage of fuel rods discharged for 5, 10, or

Radiogenic Decay Heat, W/MTHM
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FIGURE 3.2. Analytical Approximation of Decay Heat for Typical PWR
Spent Fuel (Malbrain, Lester and Deutch 1981)
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(Johnson, Gilbert and Guenther 1982)

15 years can appreciably affect the amount of decay heat and storage tempera-
ture; most repository calculations assume that the spent fuel will have been
out of the reactor for 10 years.

The assumption of 10-year-old spent fuel could prove to be conservative,
because irradiated fuel rods wi]]_g]] reside for some time in pool storage
after discharge from the reactor. Pool storage has been as much as 18 years
for some spent-fuel rods, but typical times are about 5 to 12 years. This is
shown in Figure 3.4 by the distribution of wet storage time for LWR spent fuel
discharged as of January 1983 and projected forward to 1986 (Johnson and
Gi Tbert 1983). Because the demand is heavy for storage space at the reactor,
some of the spent-fuel rods may also be stored in dry storage, such as metal
casks. In addition, Dippold and Wampler (1984) indicate that there is incen-
tive to consider aging the spent fuel before disposal, as well as increase the
average burnups, because these changes would lower the cost of disposal. Thus,
most of the fuel rods discharged to a repository are likely to be at least
10 years old.
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Decay heats, fuel age, and quantities of assemblies containing stainless
steel (SS) and Zircaloy-clad fuel rods are compared in Figures 3.4 and 3.5. On
the average, stainless-steel-clad spent-fuel rods are about 4 years older than
Zircaloy-clad spent-fuel rods. The decay heats for SS-clad and Zircaloy-clad
spent-fuel assemblies cover roughly the same range.

3.1.2 Cladding Characteristics

This section includes details on the characteristics of the Zircaloy clad-
ding and limited data on SS cladding. Specific information in this section
includes: 1) the types of cladding, 2) characteristics of the oxide layer,

3) the crud formed on the exterior of the fuel rod during exposure to reactor
coolant water, and 4) the hydrogen content in the cladding and a brief discus-
sion on activation products.

3.1.2.1 Types of Cladding

Spent-fuel rods from LWRs in the United States come from PWRs and BWRs.
0f the 33,222 spent-fuel assemblies in storage as of 1982, about one third were
from PWRs and two thirds were from BWRs (USDOE 1983). The projected accumula-
tion of spent-fuel assemblies, assuming no future reprocessing, is shown in
Table 3.1 for both types of reactors. In 1981, about 95% of the spent-fuel
assemblies contained fuel rods with Zircaloy cladding, while the rest had SS
cladding (Guenther et al. 1984),

As of January 1984, there were 1303 spent-fuel assemblies with SS cladding
from Connecticut Yankee (PWR),‘San Onofre-1 (PWR), La Crosse (BWR), and Indian
Point-1 (PWR) reactors.(a) The first three are the only operating U.S. reac-
tors currently using fuel rods with SS cladding. Because of the number of PWR
and BWR reactors using SS-clad fuel rods, the normal ratio of spent-fuel types
(2/3 BWR and 1/3 PWR) does not hold. About five times as many PWR spent-fuel
assemblies contain SS-clad fuel rods (1090 versus 213). A general comparison
of the design characteristics of SS-clad and Zircaloy-clad fuel rods is given
in Table 3.2. Additional spent-fuel rods with SS cladding will be discharged

(a) Based on information from the Commercial Spent-Fuel Management (CSFM) Dry
Storage Data Base as of the end of 1983 and provided by R. A. Libby at
PNL.
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TABLE 3.1. Projected Number of Fuel Assemblies by R?actor Type Assuming
No Future Reprocessing (U.S. DOE 1983)(a

End of
Calendar BWR PWR Total

Year Annual Cumulative Annual Cumulative Annual Cumulative
1982 20,702 12,520 33,222
1983 2,772 23,474 1,823 14,343 4,595 37,817
1984 3,232 26,706 2,379 16,722 5,611 43,428
1985 3,772 30,478 2,841 19,563 6,613 50,041
1986 4,532 35,010 3,193 22,756 7,725 57,766
1987 5,604 40,614 3,377 26,133 8,981 66,747
1988 5,288 45,902 4,098 30,231 9,386 76,133
1989 4,712 50,614 3,936 34,167 8,648 84,781
1990 6,644 57,258 4,639 38,806 11,283 96,064
1991 5,784 63,042 4,383 43,189 10,167 106,231
1992 5,516 68,558 4,338 47,527 9,854 116,085
1993 6,874 75,432 4,327 51,854 11,201 127,286
1994 5,749 - 81,181 4,511 56,365 10,260 137,546
1995 6,185 87,366 4,327 60,692 10,512 148,058
1996 6,789 94,155 4,549 65,241 11,338 159,396
1997 5,839 99,994 4,527 69,768 10,366 169,762
1998 6,204 106,198 4,522 74,290 10,726 180,488
1999 6,792 112,990 5,172 79,462 11,964 192,452
2000 6,324 119,314 4,557 84,019 10,881 203,333
2001 5,900 125,214 4,520 88,539 10,420 213,753
2002 7,332 132,546 5,272 93,811 12,604 226,357
2003 6,220 138,766 5,300 99,111 11,520 237,871
2004 6,595 145,362 5,594 104,705 12,190 250,067
2005 7,136 152,498 5,978 110,683 13,114 263,181
2006 7,692 160,190 6,384 117,067 14,076 277,257
2007 7,284 167,474 7,147 124,214 14,431 291,688
2008 9,716 177,190 7,914 132,128 17,630 309,318
2009 5,860 183,050 . 7,766 139,894 13,626 322,944
2010 6,644 189,694 7,697 147,591 14,341 337,285
2011 7,152 196,846 7,742 155,333 14,894 352,179
2012 6,628 203,474 7,963 163,296 14,591 366,770
2013 6,904 210,378 8,217 171,513 15,121 381,891
2014 7,608 217,986 8,271 179,784 15,879 398,770
2015 8,064 226,050 8,521 188,305 16,585 414,355
2016 5,948 231,998 9,020 197,325 14,968 429,323
2017 7,764 239,762 8,969 206,294 16,733 446,056
2018 6,000 245,762 9,618 215,912 15,618 461,674
2019 5,384 251,146 9,432 225,344 14,816 476,490
2020 5,540 256,686 9,800 235,144 15,340 491,830

(a) Based on a 128.6 gigawatt electric capacity [GW(e)] to be installed by
the year 2000 and 218.6 GW(e) to be installed by the year 2020.
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from these three reactors: San Onofre (SS304), Connecticut Yankee (S$304), and
La Crosse (348H) (Johnson, Gilbert and Guenther 1982).

As noted in Table 3.2, typical burnups for Zircaloy-clad fuel rods from
PWRs are 33 to 36 MWd/kgM and about 28 MWd/kgM for BWRs (Bailey and Johnson
1983). Burnups for the SS-clad fuel rods from Connecticut Yankee are typically
between 25 and 33 MWd/kgM. The San Onofre-1 spent fuel typically ranges from
18 to 31 MWd/kgM.

3.1.2.2 Oxide Layers

Films of Zr0, are formed on the cladding during reactor operation. The
films on BWR cladding are generally up to 50-um thick at EOL and up to 40 um on
typical PWR cladding after three reactor cycles (Johnson, Gilbert and Guenther
1982). Greene (1980) reported post-reactor data for spent fuel and indicated
that oxide layers ranged from 1.3 to 27.9 um, depending on reactor residence

TABLE 3.,2. Compariso?a?f Characteristics of Zircaloy and Stainless Steel-Clad

Fuel Rods
Zircaloy Clad SS Clad
Characteristic BWR PWR BWR PWR
ROd Length, m 3.99 - 4.2 3071 - 4.09 ~2.24 3'22
Fueled Length, m 3.66 - 3.81 3.47 - 3.81 2.08 3.05
Rod Diameter, mm 12,27 - 14,30 9,5 - 10.92 9.91 10,72
Wall Thickness, mm 0.813 - 0.914 0.572 - 0.762 0.51 0.42
Peilet Diameter, mm 10.41 - 12:37 8.19 - 9.64 8.75 9.7
Diametral Gap, mm 0.229 - 0,305 0.165 - 0,2134 0.15 0.14
Initial Fi1l Gas He He He Air/
He/
Air-He-Ar
Prepressurization, 1-6 15 - 30 1 1
atm (some ~13)
EOL Pressure, atm 15 30 - 40 ? 2 - 8
Burnups, MWd/kgM 28 33 - 36 7 -16 5 - 35

(a) Based on information from Guenther et al. (1984), S. Rafferty at La
Crosse, and the CSFM Dry Storage Data Base maintained at PNL and
provided by R. A. Libby as of December 1984,
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time, alloy, and operating conditions. Johnson et al. (1980b) reported that
oxide films on SS cladding were too thin to be detected by metallography. A
plot of oxide thickness along the length of an H. B. Robinson spent-fuel rod is
shown in Figure 3.7,

Oxidation of the cladding can occur during wet or dry storage, depending
on the temperatures and the amount of oxidant available. Zircaloy oxidation
involves two phases: 1) pretransition, where a black and highly protective
Zr0y g5 forms under parabolic or cubic kinetics; and 2) post-transition, where
a less protective oxide forms that progresses from a dark (black or mottled
gray) to light (beige or white) under linear kinetics (Johnson, Gilbert and
Guenther 1982). Hillner (1977) describes equations for these two regimes of
cladding oxidation.
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The amount of cladding oxidation at several temperatures is shown in Fig-
ure 3.8 from calculations by Johnson, Gilbert and Guenther (1982) using data
from Hiliner (1977), Westerman (1964), and Gulbransen and Andrew (1958). These
curves were made assuming a prefilm of 10 pm (150 mg/dmz) and 1 atm of oxidant.
Under expected dry storage temperatures of less than 380°C and inert atmos-
pheres, little cladding oxidation would occur. If the Zircaloy cladding is
stored in unlimited air at 250°C for 40 years, it is predicted that only 0.3 pm
more of the cladding wall would oxidize beyond that previously oxidized. The
conditions described above are for controlled environments that do not have any
chlorides, fluorides, etc. For oxidation in air or steam as described, the
amount of oxidation is conservative because the fuel temperatures would prob-
ably decrease, unless the spent fuel was very old and decay was insignificant.

3.1.2.3 Crud Formation

Crud is the deposit that develops over the Zr0, film on the cladding sur-
face. Crud develops because most metals in the reactor coolant circuit (iron,
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FIGURE 3.7. Projected Corrosion of Zircaloy-2 with an Initial 10-um Oxide

Layer and 1 Atm of Oxidant (Johnson, Gilbert and Guenther
1982)
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nickel, and cobalt base alloys) release corrosion products to the circulating
coolant that deposit on the fuel rod cladding forming the crud layer. The
oxides of zirconium alloys generally remain in place.

The deposits in BWR reactor coolant systems are primarily a reddish-brown
Feo03 that forms a tenacious inner layer and a looser outer layer. Thicknesses
of these BWR crud deposits range from 6 to 30 pm (100 to 450 mg/dmz) (Johnson,
Gilbert and Guenther 1982).

Crud found on a PWR rod is dark and generally thinner than that found on
BWR rods. The deposits in PWR systems are FexNi3_x04 where x is approximately
0.6 (Johnson, Gilbert and Guenther 1982). Crud from PWRs tends to be heaviest
at the top of the rods and is very tenacious. Some PWR rods have so little
crud that the shiny Zr0 is clearly evident.

Two types of radioactive species are present in crud: 1) activation prod-
ucts from exposure of components in the crud to the neutron flux and 2) fission
products deposited in the crud from rods that developed defects during reactor
operation (Johnson, Gilbert and Guenther 1982). Cobalt-60 is the principal
activation product remaining in the crud layers in storage because of its
5.3-year half-1ife. Other activation products include 54un (310 d half-life)
and %52n (243 d). The principal fission products in the crud are 134¢ (2.1 y)
and 137cs (30 y). Other moderately long-lived fission products found in the
crud include SH (12.3 y), 90g,. (28.8 y), and 144c, (285 d). Because most spent
fuel will have been discharged 10 years or more before disposal, the radio-
active inventory of crud will have decreased to relatively low values by the
time the repository is closed. If the spent fuel has been put in dry storage
before disposal, there may be some loosening of the crud because crud spalla-
tion has been observed on spent PWR fuel rods heated from 480° to 570°C
(Einziger et al. 1982).

3.1.2.4 Hydrogen Content in Cladding

Newly fabricated Zircaloy cladding contains small amounts of hydrogen,
usually in the form of thin platelets that run in the circumferential and
longitudinal direction in the cladding. Stainless steel has a low solubility
for hydrogen and does not form hydrides as do zirconium alloys (Johnson,
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Gilbert and Guenther 1982). During exposure to the reactor coolant, the corro-
sion of the Zircaloy cladding produces free hydrogen from the reaction of the
Zr and HZO. Some of this hydrogen adheres to the surface and is subsequently
absorbed into the cladding. This hydrogen combines with the original hydrogen
that was in the cladding during fabrication.

Hydrogen concentrations in irradiated LWR cladding seldom exceed 150 mg/kg
and are typically from 80 to 150 mg/kg (Johnson, Gilbert and Guenther 1982).
At 30°C, which is the temperature of pool storage, most of the hydrogen has
precipitated out because hydrogen has a low terminal solubility in.Zircaloy at
lower temperature. Below 100°C hydrogen is not appreciably soluble in zir-
conium alloys (Price 1984)., At 250°C, the peak fuel rod temperature in some
repository calculations, cladding with the higher concentrations of hydrogen
will still have precipitates because the terminal solubility is about 30 mg/kg.
At 350°C, the terminal solubility of hydrogen in Zircaloy is 120 mg/kg and most
of the the hydrogen would be soluble.

As the fuel rods cool during storage, some of the hydrogen will reprecipi-
tate and may reorient under the tensile stresses caused by fuel rod pressures
that are no longer offset by the reactor coolant pressure (Yaggee, Mattas and
Neimark 1980). However, the hydride platelets generally remain oriented in the
circumferential direction after irradiation or high-temperature and short-time
events (Barner 1984; Guenther 1983). How much, if any, reorientation occurs
will depend on the peak temperature, the amount of time since discharge, and
the internal stresses in the cladding.

Hydrogen tends to degrade the low-temperature impact properties of
Zircaloy; however, typical hydrogen levels found in the cladding of spent-fuel
rods after discharge from the reactor and reactor pools have apparently not
affected the integrity of fuel rods that have been handled or shipped. Theo-
retical and experimental work by Sawatzky (1975) has shown that hydrogen will
migrate to cooler locations in the rod if the thermal gradients are sufficient.
Price (1984) has indicated that stress also affects diffusion of hydrogen.
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3.1.2.5 Activation Products in the Cladding

The highest radiation Tevels from spent-fuel assemblies come from the fuel
rods; however, the spacers and other assembly hardware also become radioactive
during irradiation. This results from the accumulation of crud on the metal
surfaces of the fuel rods (as discussed previously) and as a result of activa-
tion of the original metal in the assembly hardware. The level of activation
in fuel assembly hardware and the cladding depends on the neutron flux, irradi-
ation time, the original .alloy composition, and the time since discharge. In
addition to the radioactive species found in the crud described previously,
60Co is produced in Zircaloy-2, which initially contains 0.05% Ni along with
tin, iron, chromium, and oxygen. Spacers in some fuel assemblies are made of
Inconel®, which will activate to higher levels because it contains more nickel.

3.1.3 Integrity of Cladding

A small fraction of the fuel rods may become defective (i.e., leak) before
receipt at a repository. These defects may result from in-reactor operation,
pool storage, transportation and handling, and/or dry storage. Through 1976, a
total of 2,290 spent-fuel assemblies were known to have 