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ABSTRACT

A high-level-waste repository located in unsaturated welded tuff at
Yucca Mountain, Nevada, would rely on six different, although not entirely
independent, barriers to prevent escape of radioactivity. These barriers
are the waste canister, fuel cladding, dissolution of the spent fuel
itself, and movement of released contaminants in three different
hydrogeologic units: the unsaturated Topopah Spring welded tuff unit, the
unsaturated Calico Hills nonwelded tuff unit, and the saturated tuff
aquifer. Fifty-eight processes and events that might affect such a
repository were examined. Eighty-four different sequences were identified
by which these processes and events could lead to failure of one or more
barriers. Sequences that had similar consequences were grouped into 17
categories: direct release, repository flooding, colloid formation,
increased water flux through the repository, accelerated fracture flow,
water diverted toward the waste package, accelerated dissolution
mechanisms, accelerated cladding corrosion mechanisms, accelerated canister
corrosion mechanisms, canister breakage, fracture flow in the Topopah
Spring welded unit without increased moisture flux, reduced sorption in the
Topopah Spring welded unit, water table rise above the Calico Hills
nonwelded unit, fracture flow in the Calico Hills nonwelded unit, new
discharge points, and faster flow in the saturated zone. The repository
system has considerable redundancy; most of the more likely disruptions
affect only one or a few barriers. Occurrence of more than one disruption
is needed before such disruptions would cause release of radioactivity.
Future studies of repository performance must assess the likelihood and
consequences of multiple-disruption scenarios in order to evaluate how well
the repository meets performance standards.
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.. 1. INTRODUCTION

1.1 Purpose and Scope

The process of analyzing the long-term safety of a high-level-waste
reﬁository may be divided conceptually into a series of steps (modified
from Koplik et al., 1982):

A compréhensive list of processes and events that could contribute

to release of radioactivity from a repository is assembled.

- Processes and events whose occurrence is not credible at the

particular site being considered are eliminated.

- Ways in which each process or event could affect the performance
of the repository are identified.

— A list of scenarios is selected for further analysis; in each
scenario, the events and processes that control repository

performance are specified.

- The likelihood of occurrence of each scenario is assessed.

- The consequences, should the scenario occur, are calculated.

- The results are evaluated to determine whether the repository is

safe.

This report is directed to the second, third, and fourth of these
steps, culminating iﬁ identification’of scenarios, for a high-level-
waste repository locgged in,ﬂhe unsaturated zone at Yucca Mountain,
Nevada. The focus is.oniscgnap%os involving disruptive events and
processes. Only the long-terp performance of the repository in
containing radioactivity is discussed; opérationa; accidents are not

addressed.



The purpose of this report is simply to identify the scenarios that
require further analysis. A complete analysis of the scenarios is left
for the future. Listing of a scenario here does not imply any definite
conclusion about its likelihood or consequences; it simply means that

information available to the author is insufficient to rule it out.

Some guidelines are needed to determine which scenarios must be
considered. It is assumed here that scenarios need not be considered
further if their occurrence in 10,000 years is highly unlikely (in the
gense defined in EPA regulations [EPA, 1985])) or if they cannot lead to
releases of 100 curies or more of radioactivity within 10,000 years after

repository closure.

The report is written for readers who are already familiar with the
geology and hydrology of the Yucca Mountain site. 1Index maps and a
stratigraphic column are provided in Figures 1, 2, and 3. The discussion
is based to a large extent on the draft statutory Environmental
Assessment (DOE, 1984, referred to below as EA); readers not already
familiar with the site should first read the relevant portions of the EA
(in particular, Sections 3.2, 3.3, 6.3, and 6.4) or another general
introduction such as Sinnock et al. (1984). Readers should also be
familiar with the preliminary conceptual model of the Yucca Mountain
unsaturated zone presented by Montazer and Wilson (1984) and summarized

in Figures 4 and 5.

Listings of scenarios for a repository at Yucca Mountain have
previously been published by Hunter et al. (1982; 1983). The work of
Hunter et al. was completed when the stratum in which the repository was
to be located had not yet been chosen and much less was known than is
today about the hydraulic and geological properties of the site. As a
result, the present report is able to be considerably more specific in
describing scenarios. However, the failure mechanisms discussed by
Hunter et al. are carefully considered, and those that Hunter et al.
considered credible for a repository in the Topopah Spring unit are

explicitly included or rejected.
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Index map of Yucca Mountain, showing contact of bedrock with
alluvium. Heavy line outlines proposed repository site.
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Figure 4. Generalized section across Yucca Mountain showing positions of
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regime in the conceptual model of Montazer and Wilson,

(1984). Lengths of solid arrows show relative magnitude of
fluxes.



The preliminarf nature of this report requires emphasis. To
conceive of evérything that might happen in the next 10,000 years at
Yucca Houngain,is beyond the imagination of any individual, or of any
small group of individuals. The list of scenarios to be included in
performance assessments of a Yucca Mountain repository must be expanded
and refined through the efforts of many individuals over the years of
site characterization. Only through wide comment and intense peer review
can a reasonably completeAlist of scenarios be obtained. All conclusions

drawn in this report are solely the responsibility of the author.

1.2 Assumptions

~ The potential repository site addressed by this report is at Yucca
Hoﬁdtain, Nevada. The repository would be located in the unsaturated
Topopah Spring Member of the Paintbrush Tuff. It would contain about
70,000 metric tons of spent fuel.

Six differgnt barriers would impede release of radioactivity from
such a ceéository to the human environment: canisters in which the spent
fuel is packed, fuel cladding, the resistance to dissolution of the waste
itself, movement downward through the Topopah Spring welded tuff unit in
which the repository is located, movement downward through the underlying
Calico Hills nonwelded tuff unit, and lateral movement through the
saturated rocks underlying the repository. Beneath some parts of the
proposed repository site, portions of the Prow Pass welded unit, Crater
Flat nonwelded unit, and Bullfrog welded unit are unsaturated. For the
purpose of describing general scenarios, these units serve approximately
the same function as the Calico Hills nonwelded unit, and for simplicity

they are not discussed here.

A seventh barrier would probably be present as well. This is the
capillary barrier created by an air gap (or perhaps some coarse packing
material) between the waste packages and the rock. Capillary forces
impede the water in the rock matrix, which is under considerable suction,

from leaving the matrix, so that an air gap would tend to keep the

-7-



packages dry. However, the effectiveness of this barrier is at present
poorly understood. It may be possible for moisture to wick onto the
waste packages at points of contact with the rock, or perhaps to drip on
the packages from above. Because of this uncertainty, the scenarios
discussed in this report assume that the capillary barrier is in some way
overcome. With further analysis, however, this barrier may be
incorporated into our understanding of repository performance to provide

an additional element of redundancy in the system.

The barriers are not completely independent; numerous causes can be
imagined that would affect the performance of more than one barrier.
Nevertheless, there is a good deal of redundancy in the system; in many
scenarios where some barriers fail, other barriers still contain the

wastes.

The unfolding of many disruptive scenarios depends on alternative
conceptions of the present ground-water flow system, in both saturated
and unsaturated zones. The "baseline" conceptual model, currently
thought to best describe the flow system in the unsaturated zone, is that
described by Montazer and Wilson (1984). Neither of these conceptual
models has been fully confirmed, and alternatives cannot be definitively
ruled out at this time. This report therefore does not assume that the
current conceptual models are correct and addresses scenarios that would
be disruptive if reasonable alternative conceptual models turn out to be
true. Some alternative hypotheses used in the text are as follows:

~ Flow through the Topopah Spring welded unit, instead of being

limited to the rock matrix, goes through fractures.

- Areas of high moisture flux in the deep unsaturated zone are
controlled not, as Montazer and Wilson (1984) suggest,

structurally, but by the location of zones of greater infiltration.

- Ground-water velocities in the saturated zone are lower than

calculated by the EA (Section 6.3.1.1.5). This might be because



the true hydraulic gradient is less than the upper-bound estimate
used in the EA, or because the regional average hydraulic
conductivity is less than measured in well tests because of the

presence of flow barriers.

Scenarios leading to release of radioactivity in gaseous form are
not discussed -here. The two principal nuclides that might escape as
gases, carbon-14 and iodine-129, have inventories of approximately 800
and 33 curies per thousand metric tons of uranium, respectively, at
closure (DOE, 1986, Table 6-47). (A substantial inventory of krypton-85
is also present at closure, but its half-life of 10.72 years implies that
the inventory will decline by more than eight orders of magnitude within
300 years. Other noble-gas fission products have eQen shorter half-lives
[Kocher, 1981].) Both iodine and carbon dioxide are soluble in water,
and futhermore iodine has a fairly low vapor pressure at ambient
temperatures. Gases in unsaturated rocks are in extremely intimate
contact with moisture, and chemical equilibrium for dissolution of gases
in water can safely be assumed. It thus seems highly likely that any
gases released from spent fuel will quickly enter solution. Consequently,
releases of radioactivity by gas-phase migration will not be considered
in this study. Some additional analysis of the chemistry involved would

be desirable to verify this conclusion.

At this stage of the repository program, detailed designs for the
repository and for waste packages have not yet been chosen. This report
will therefore be more useful to the extent it is applicable to a variety
of designs. Nevertheless, some specificity is necessary to focué on
site- and design-specific scenarios while keeping the task at hand to a
manageable size. The following assumptions have therefore been made

about the design of the repository and waste packages:

- Only spent fuel and not reprocessing waste is disposed of in the

repository.



- The repository is constructed only in the primary repository
area” (Figure 1) and not in the extension areas outlined in
Figure 3-8 of the EA.

-~ The waste is enclosed in metal canisters designed to prevent any
release of radioactivity during an initial period. These
canisters are emplaced directly in vertically or horizontally
drilled holes, without clay or other porous backfill around them.
(Porous backfill might be placed inside the canisters, as in one

of the waste package designs described by Gregg and O'Neal [1983].)

A full understanding of release scenarios for a radioactive-waste
repository requires collaboration among many technical disciplines. 1In
some cases, our knowledge is insufficient to determine whether a
particular scenario is credible. To maintain conservatism in such
situations, scenarios are not ruled out without convincing reason. As a
result, the report probably includes some scenarios that experts in the
relevant fields will find not credible. Such scenarios can be eliminated

in future stages of the scenario-screening process.

1.3 Organization of the Report

The report is based on a list of relevant phenomena published by a
working group of the International Atomic Energy Agency (IAEA, 1983). 1In
Chapter 2, the likelihood that each process or event on the list will
occur at Yucca Mountain is assessed. For credible events, mechanisms are
identified by which wastes could be transported directly to the
accessible environment or by which transport by ground water could be
accelerated. Some of those mechanisms are ruled out immediately on the
basis of simple physical arguments. The remaining mechanisms are
formulated as descriptions of possible future sequences of events. A
scenario analyzed in a future performance assessment might involve one of

these sequences, or it might involve several occurring at the same time.

-10-



In Chapter 3, the sequences are classified according to their effects
on the different release barriers in the Yucca Mountain system.
Scenarios with differing causes but similar consequences are grouped so

that their consequences can be analyzed together.

In Chapter_a, the effeq#s of each group of failure sequences are
examined to ueéermine what combination of failures is necessary for
radioactivity to be released. These combinations constitute the
scenarios that must be analyzed in future rerformance assessment work.
Methods for further analys1s of these scenarios are also recommended in

this chapter.

General conclusions and recommendations for further work are given in

Chapter 5.

-11-



2 FELEMENTARY PROCESSES AND EVENTS

This chapter discusses the various processes and events that form
the bases of release scenarios and identifies sequences by which they can
cause complete or partial failure of one or more barriers to radionuclide
release. The discussion is based on a list of 57 events and processes
published by the International Atomic Energy Agency (IAEA, 1983), and
included here as Table 1. The IAEA compilation incorporates previously
published listings of phenomena that might affect a high-level-waste
repository (Burkholder, 1980; Koplik et al., 1982) and is the most
complete published list. Since its compilation, one additional process,
that of microbial growth, has come to the attention of the research
community. Each of these 58 events and processes is discussed
individually below. They are treated in the order of the IAEA list, with

microbial growth added at the end.

For each process, we first discuss its likelihood of occurrence.
For those processes whose occurrence is credible, we describe possible
barrier-failure sequences in two categories: those leading to direct
releases of radioactivity and those that could indirectly enhance

releases by ground-water transport.

The discussion of each elementary phenomenon concludes with a
listing of any barrier-failure sequences that appear to be of possible
importance in leading to releases of radioactivity. For readability, the
events in each sequence are stated in the present tense without using
conditional verb forms. This is not meant to imply that the events will
happen or that one event will lead to another. The sequences are purely
hypothetical; their inclusion here means only that we do not have enough
information to show that they are not credible; it does not imply that we
think them credible.

Simple physical arguments can be used to eliminate some sequences
immediately because of their improbability or insignificant
consequences. When such arguments are available, they are presented or

previous publications are cited.

-12-



Table 1

TIAEA list of phenomena potentially relevant
to scenarios for radioactive-waste repositories

Natural processes and events

Climatic change
Hydrology change
Sea-Level change
Denudation

Stream erosion
Glacial erosion
Flooding
Sedimentation
Diagenesis
Diapirism
Faulting/seismicity
Geochemical changes
Fluid interactions
Ground-water flow
Dissolution
Brine pockets

Upiift/subsidence
Orogenic
Epeirogenic
Isostatic
Undetected features
Faults, shear zones
Breccia pipes

Lava tubes
Intrusive dikes

Gas or brine pockets
Magmatic activity
Intrusive

Extrusive
Meteorite impact

L ]

L

Human activities

Faulty design

Shaft seal failure

Exploration borehole seal
failure

Faulty operation

Faulty waste emplacement

Transport agent introduction

Irrigation

Reserviors

Intentional artificial
Ground-water recharge or
withdrawal

Chemical liquid waste disposal

Large-scale alterations of
hydrology

*

-13-

Undetected past intrusion

Undiscovered boreholes

Mine shafts

Inadvertent future intrusion

Exploratory drilling

Archaeological exhuma-
tion

Resource mining
(mineral, water, hydro-
carbon, geothermal,
salt, etc.)

Intentional intrusion

War

Sahotage

Waste recovery

Climate control



Table 1

TAEA list of phenomena potentially relevant
to scenarios for radioactive-waste repositories (concluded)

Waste and repository effects

Thermal effects

+« Differential elastic response

+ Nonelastic response

*+ Fluid pressure, density

viscosity changes
+ Fluid migration
Mechanical effects
 Canister movement
*+ Local fracturing

Chemical effects
« Corrosion
* Waste package-rock
interactions
« Gas generation
Radiological effects
= Material property
changes
*+ Radiolysis
* Decay-product gas
generation
* Nuclear criticality

14—



Most of the processes and events affect releases of radioactivity
only by perturbing the ground-water system, above or below the water
table. These phenomena obvibusly cannot lead to direct releases, and so

the section on direct releases is omitted from the relevant sectiomns.

The sequences listed in this chapter are at times rather
repetitive. This is because different causes (nétural and artificial
climate change, for example) can'have very similar effects. The reader
is asied to bear with us for the sake of completeness; in Chapter 3
sequences with similar effécts will be grouped, and henceforth they can

be treated together.

2.1 Natural Phenomena

'2.1.1 Climate Change

Likelihood of occurrence--The climate in the Yucca Mountain area is

expected to change over the next 10,000 years (Spaulding, 1983).
Initially, one expects a warming due to the "greenhouse effect' of
increased atmospheric carbon dioxide. This could be accompanied by an
increase in summer precipifation of probably less than 50 percent.
Subsequently, the onset of a cooler and wetter "pluvial" period is
expected, but conditions in the next 10,000 years are not expected to be
as severe as at the Wisconsin maximum 18,000 years ago (when winter
precipitation was 60 percent to 70 percent higher and winter temperatures
were at least 6° C lower than at present). There is evidence (winograd
et al., 1985) for a long-term trend toward greater aridity and lower
water tables in the area, with the cycles of pluvial and arid periods

presumably superimposed in this trend.

Ihdiréct releases-~The priﬁ;ipal way in which climate change could
affect reposiiory peffdrmance is by changing the rate of ground-water
infiltration. This could lead to increased moisture flux through the
repository, shorten the‘flow path‘inAthe unsaturated zone by raising the
water table, or incfease ground-water velocities in the saturated zone.

Winograd and Doty (1980) discuss effects of greater infiltration on- the

~15-



performance of a radioactive-waste repository. This section will first
discuss the likely magnitude of changes in recharge and then address

their effects on the barriers to radionuclide release.

Claassen (1983) argues that current recharge in the area just down-
gradient of Yucca Mountain is negligible and that the ground water of the
area recharged from snowmelt flowing in stream channels during the latest
Pleistocene and early Holocene, about 10,000 years ago. This suggests a

strong influence of changing climate on ground-water conditions.

The magnitude of increased recharge in the warming period in the
immediate future should be less than 50 percent, because summer
precipitation contributes less recharge than winter precipitation. 1If,
as is possible, summer precipitation contributes negligibly to recharge,
there would be no increase in recharge at all. During the subsequent
pluvial, maximum recharge should be bounded by what occurred during the
last 100,000 years. Czarnecki (1984) points out that empirical
relationships describing current recharge conditions in Nevada suggest
that as precipitation increases in a pluvial, a higher percentage of it
infiltrates as recharge. This is reasonable given the cooler
temperatures that prevail both at higher altitudes and during pluvial

periods.

An increase in recharge at the repository site would increase the
water flux through the unsaturated zone. This might reduce canister
lifetimes, increase waste-dissolution rates, and reduce the travel time

of contaminants from the repository to the water table.

In considering effects of increased percolation rates on
waste-package performance, care should be taken to understand what
percolation rates are implicitly assumed in baseline estimates of
performance. For example, canister-corrosion tests may be carried out in
wetter environments than are expected in the repository. An increase in
percolation might not expose canisters to more water than did the tests

from which lifetimes are estimated.

-16-



If an increase in percolation is sufficient to cause spatially
continuous fracture flow in tuff units in which matrix flow now
dominates, the reduction in ground-water travel time will be very large.
It should be remembered that travel times of radionuclides that
potentially might be released into the ground-water system may be

significantly longer than the travel time of the ground water itself.

Increases in recharge at other locations within the ground-water
basin could also affect performance. With more recharge upgradient of
the repository, hydraulic gradients would increase, raising the velocity

of ground-water movement.

Greater recharge anywhere in the basin would tend to raise the water
table. A higher water table would reduce the path length through the
unsaturated zone, thus reducing ground-water travel times. If the water
table were to rise above the top of the Calico Hills nonwelded
hydrogeologic unit, the largest component of the travel time as now
estimated would be eliminated. Only the absence of fracture flow in the
Topopah Spring welded unit could sustain the long travel time now

postulated for the unsaturated zone.

A higher water table might cause a major change in the
saturated-zone hydraulic regime. In a conceptual model in which
ground-water flow is controlled by hydraulic barriers, a fracture zone or
zone of permeable alluvium might cross a barrier above the current water
table. If the permeable zone were to be saturated, the barrier would be
short-circuited, and the volume of flow across it could increase
drastically. The effect would be similar to the “"spillway" that Waddell
et al. (1984, p. 36) describe in alluvium overlying the lower clastic
aquitard at Oasis Valley (see also Claassen, 1983, p. 42); Creation of a

"spillway"” might greatly affect flow velocities in the surrounding region.
Regionally higher ground-water levels might also create new

discharge points closer to the repository, thereby reducing the distance

to the accessible environment. However, any new discharge points much
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closer than 10 kilometers from the repository would be above the
repository. Given the absence of regional confining beds, this implies
that discharge could occur at such locations only if the repository
flooded.

An extreme rise in the water table that flooded the repository would
drastically affect the performance of the waste package and eliminate the
unsaturated zone as a flow barrier. For reasons given in the EA
(Section 6.3.1.4.4) and according to Czarnecki's (1984) calculations,
this scenario is very dubious. Further investigation of the lakebed and
spring deposits above the repository level in southern Crater Flat
described by Hoover et al. (1981) would be desirable in order to fully

rule out this possibility.

With greater infiltration, perched-water conditions might develop in
particular fracture zones or at the top of nonwelded hydrogeologic
units. Some perching seems to occur even under present recharge
conditions. Perched water was probably detected at the base of the
Topopah Spring Member in Well H-1 (Rush et al., 1984). A "small seep"”
issued from the welded Topopah Spring unit, about 80 meters above its
base, in Well H-3 (Thordarson et al., 1985). At Rainier Mesa, where
present-day percolation seems to be greater than at Yucca Mountain,
extensive perching of young (0.8~ to 6-year—oid) water occurs in the
zeolitized tuffaceous “tunnel beds" (Thordarson, 1965). It is notable,
however, that Thordarson observed little or no perching in the welded

tuffs above the tunnel beds.

A perched water table might create new ground-water discharge
locations close to the repository. Radioactivity could not, however, be
released at such discharges. If the perched zone were above the
repository, the water would not have contacted the waste. A perched zone
below the repository could not discharge within the controlled zone,
because the repository will be below the level of Crater and Jackass

Flats.
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Through a perched water table, percolating water could be diverted
laterally to flow rapidly down through a narrbw fracture zone. If the
perched water were above the repository, a zone of high flux through the
repository could be created. If the perching occurred below the
repo§itory, most likely at the lower contact of the Topopah Spring welded
unit, the zone of enhanced flow would pass only through the Calico Hills

nonwelded unit.

Flooding of the repository by perched water is extremely unlikely
because the repository will be located in the very well drained Topopah-
Springs welded unit, far above its contact with the underlying nonwelded

unit.

Sequences to be considered--The following sequences require further

consideration:

1. An increase in infiltration at the repository site increases the
unsaturated water flux(through the repository. This reduces
canister lifetimes, increases waste-dissolution rates, and, by
causing fraéture flow in the welded Topopah Spring unit,

increases contaminant velocity in the unsaturated zone.

2. An increase in recharge raises the water table beneath the
repository above the top of the Calico Hills nonwelded tuff
unit. If fracture flow is initially present in the Topopah
Springs welded unit or is induced by the same climate change,
this would drastically reduce ground-water travel times in the

unsaturated zone.

3. A higher water table short-circuits a flow barrier in the

saturated zone, changing the pattern of flow.

4. Regionally higher water tables create discharge points closer to
the repository, reducing the distance to the accessible
environment. The rise in the regional water table floods the

repository. (The many further scenarios that could arise from
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this are not elaborated here, on the assumption that further

work will show this event not to be credible.)

5. Perched water develops above the repository, diverting downward
flow through the repository into localized zones. Some waste
canisters are wetted more than the others, affecting canister

lifetimes and leach rates.

6. Perched water develops at the base of the Topopah Spring welded
unit. Flow through the Calico Hills unit is diverted into

fracture zones draining the perched water table.

2.1.2 Hydrology Change

While it is possible for the hydrogeology of the area to change,
this would occur as a consequence of some other cause, such as fault
movement, climate change, etc. Changes in surface-water hydrology, which
would change the boundary conditions for the ground-water system, would
also result from other causes, climate change in particular. Hydrology
changes are involved in the great majority of the indirect release
scenarios discussed throughout the report. There would be no point in

repeating all of this material here.

2.1.3 Sea-Level Change

Likelihood of occurrence--Sea-level change has occurred throughout

the Quaternary as a consequence of glaciation and other causes.

Indirect releases--Yucca Mountain and vicinity are part of the

internally drained Death Valley ground-water basin system. Base levels
for streams and ground-water discharge are set by the elevation of Death
Valley and nearby topographic features, and not by sea level. The
magnitude of past and anticipated sea-level changes is far less than what
would be required to flood Death Valley and change this situation.
Therefore sea-level changes will not lead to increased radionuclide

releases.
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2.1.4 Denudation
The discussion of denudation here deals only with general lowering
of the land surface, as opposed to localized erosion in stream channels,

which is discussed in the next section.

Likelihood of occurrence--Denudation, or the general lowering of the

earth's surface by wind and water erosion and such related processes as
alternating extremes of hot and cold weather, is certain to occur in.an

area with the topographic relief of Yucca Mountain.

Direct releages--A direct release due to denudation would require

removal of the entire mountain above the repository and lowering of the
land sucrface to the level of the repository. Average Quaternary stream
erosion rates, which would be expected tb exceed denudation rates, are
less than 0.0001 meter per year (USGS, 1984). At this rate, less than

1 meter of denudation would occur in the 10,000-year period that this
study addresses. This compares with a depth of more than 200 meters to
the repository (EA, Section.6.3.1.5). Winograd (1974) cites very similar
rates--90 td 180 centimeters in 10,000 years--as typical denudation rates

in arid and semiarid climates.

Denudation rates could be increased by a change in climate or by
increases in topographic relief due to uplift or subsidence. However,
the Quaternary uplift rate at Yucca Mountain is less than 30 centimeters
in 10,000 years (EA, Section 6.3.1.7.4), and elsewhere in the
southwestern Great Basin, uplift rates are no more than 4 (EA,

Section 6.3.1.7.4) to 8 (NRC, 1985, p. 92) meters in 10,000 years.

Indirect releases--Denudation could affect water movement in either

the saturated zone or_the unsaturated zone.
To affect saturated flow, denudation would have to reach the water

table at Yucca Mountain or at some other point in the ground-water

basin. The water table lies below the repository, so the argument
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against direct release by denudation also excludes erosion to the water
table at the repository site. At upgradient points, depths to water are
similar to those at Yucca Mountain, and denudation is very unlikely to
expose the water table. Downgradient, at discharge points, the water
table lies close to the surface, but these correspond to topographic lows

where aggradation is more likely than denudation.

Scenarios in which flow in the unsaturated zone is affected may be
derived from the conceptual model of Montazer and Wilson (1984). 1In the
model, downward flux through the Topopah Spring welded unit is much less
than net infiltration because of lateral diversion of flow at the contact

between the overlying nonwelded tuff unit and the welded tuff above it.

In the cross sections of Scott and Bonk (1984), both the Paintbrush
nonwelded tuff unit and the Tiva Canyon welded unit overlie the Topopah
Spring unit at all locations in the repository block, gxcept in Drill
Hole Wash at its northeastern boundary where the Tiva Canyon has been
eroded through. The minimum thickness for these units shown on the cross
sections is about 25 meters, with the welded unit sometimes only a few
meters thick (in Scott and Bonk's Section CC', at the southern end of the
repository block). These thicknesses are still sufficient to exclude
significant changes from denudation during the 10,000-year period

addressed by this study.
2.1.5 Stream Erosion

Likelihood of occurrence--The current topography of Yucca Mountain

has been strongly shaped by stream erosion (Scott et al., 1984). As
climates change over the next 10,000 years, there is an excellent chance
that episodes of stream erosion will occur in the intermittently flowing
washes on its slopes. Hoover et al. (1981) state that a period of
arroyo-cutting began about 1840 and appears to continue to the present.
Warming, increased summer precipitation, and any movement along basin-
and-range faults would all tend to further encourage erosion (USGS, 1984).

Since the washes are well entrenched in bedrock, it is extremely unlikely
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that their courses will undergo major changes, and it can be assumed that
stream erosion will take the form of further entrenchment and broadening

of existing canyons.

‘Hoover et al. (1981) report 70 centimeters of erosion in a wash in
the last 140 years. Extrapolation of this rate over 10,000 years is
probably unreasonable, but would suggest an upper bound of 50 meters on

the next 10,000 years of erosion in the Yucca Mountain washes.

Entrenchment of the Amargosa River channel is also possible, because
of the geologically recent integration of its drainage with Death
Valley. The likely consequence of such erosion is a lowering of base

levels and therefore of water tables (Winograd and Doty, 1980).

Direct releases--Direct release requires erosion down to the level

of the repository. As discussed in the previous section, this is

extremely unlikely.

Indirect releases--The saturated flow path could, in principle, be

affected by erosion anywhere in the ground-water basin. However, given
the deep water tables in most of the basin and the large head differences
between recharge and discharge areas, an unreasonably large amount of
erosion upgradient or near the repository would be required to change
boundary conditions sufficiently to make an appreciable difference to the

gradients near Yucca Mountain,

Downgradient erosion cannot be so easily neglected. Entrenchment of
the Amargosa River Channel near Alkali Flat might increase hydraulic
gradients and ground-water velocities. At the same time, it would lower
the water table and improve the effectiveness of the unsaturated zone as
a barrier. An evaluation of the magnitude of these two effects would
require a better understanding of the hydraulics of the Alkali

Flat-Furnace Creek Ranch ground-water basin than is now available.
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To affect the unsaturated zone, stream erosion would have to occur
at Yucca Mountain itself. TIf washes whose beds now lie on the Tiva
Canyon welded tuff erode through that unit and entrench themselves in the
Paintbrush nonwelded unit below, any lateral flow through the Tiva Canyon
will be intercepted, and the depressions in the surface of the nonwelded
unit will become favorable locations for enhanced flux through the
Topopah Spring. This will be true to an even greater degree if the

stream bed lies in the Topopah Spring itself.

Sequences to be considered--The following sequences require further

consideration:

7. Entrenchment of the Amargosa River at Alkali Flat lowers base
levels and increases regional gradients. Regional hydraulic
relations are such that water-table lowering at Yucca Mountain
is insignificant; but increases in ground-water velocity are

significant.

8. Beds of intermittent streams now resting on the Tiva Canyon
welded tuff unit erode through to the underlying nonwelded
unit. These washes form a barrier to lateral flow in the Tiva
Canyon and divert flow downward. Regions of high flux are

formed below them.
2.1.6 Glacial Erosion
There is no evidence for past glaciation in the area of Yucca
Mountain. As future climates are expected to resemble those experienced
during the Quaternary, scenarios involving glacial erosion need not be
considered.

2.1.7 Flooding

Likelihood of occurrence-~-During rainstorms, especially severe

summer thunderstorms, flooding occurs in the washes draining Yucca
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Mountain to the east (Squires and Young, 1984). Some of these washes lie

above the repository site.

Indirect releases--Infiltration of floodwaters in arroyos may be a

source of rechacéé to the ground-water system at Yucca Mountain. But
other interpretations of recharge in the area are possible. Waddell et
al. (1984) state that

One hypothesis is that more recharge occurs beneath washes than.
beneath surrounding ridges, because water is concentrated in washes
during runoff events. However, alluvium in washes may store the
water at a shallow depth until evaporative mechanisms become active
again after the storm has passed and humidity has decreased. A
second hypothesis is that water that is intercepted by open
fractures in surficial bedrock may move rapidly to a depth where
evaporative forces are very small, and it may actually contribute

more to total recharge than water that infiltrates beneath washes.

Claassen (1983) argues that "Numerous small floods . . . do not
result in recharge”™ and that present-day ground waters are derived from
seasonal flows of snowmelt at the end of the Pleistocene, thousands of

years ago.

The conceptual model of Montazer and Wilson (1984) assumes that the
areas under the washes are not, in general, areas of higher moisture flux
through the Topopah Spring Qelded unit. In this model, rather, most
water infiltrating through the washes moves laterally when it encounters
the capillary barrier of the Paintbrush nonwelded unit above the Topopah
Spring. The areal distribution of moisture flux in the Topopah Spring is

controlled by strueture rather than surface topography.

Current knowledge does not rule out the possibility that Montazer
and Wilson are wrong on this point and flux through the Topopah Spring
comes mostly from infiltration directly above. If this is the case, and
if infiltration is concentrated in washes, zones of greater flux would

underlie the washes. These zones might be permanently, seasonally, or
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intermittently wetter, depending on the frequency of recharge events.
The depth to which zones of intermittent wetness would extend, if they
exist, is at present unknown, and available information is insufficient
to determine whether the time-variability would extend to repository
depth.

One might try to combine the alternative models sketched above by
suggesting that infiltration from the usual floods on Yucca Mountain is
effectively diverted by capillary barriers and does not proceed directly
to the Topopah Spring welded unit, but in very rare major floods so nmuch
water infiltrates that the capillary barrier is overcome and percolation

is greatest beneath washes.

Whether this last scenario is consistent with the conceptual model
of Montazer and Wilson is unclear. Flow can be diverted laterally by
either or both of two capillary barriers. If there is flow in the
fractures of the Tiva Canyon welded unit, it will have greater effective
hydraulic c¢onductivity than the underlying Paintbrush nonwelded unit.
The Paintbrush unit in turn has greater effective hydraulic conductivity
than the Topopah Spring welded unit if the latter has no flow in its
fractures, The first of these capillary barriers should become more
effective with increasing saturation; the wetting of fractures as water
content rises would increase the contrast in effective hydraulic
conductivity between welded and nonwelded units, which is the basis of
the capillary barrier effect. The second capillary barrier should become
less effective with inereasing saturation, for the same reason. The
relative importance of the two capillary barriers, if they operate at

all, is unknown.

It is also possible that infiltration occurs on the mountain,
everywhere, mostly after very infrequent major precipitation, the usual
year-to-year precipitation being removed by evapotranspiration. If this
is the case, the current moisture state measured in the field would not
reflect a steady state driven by current precipitation, but rather a
transient response to an event tens, hundreds, or even thousand of years

ago.
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Sequences to be considered--The following sequences require further

consideration:

9. Flooding of the washes on Yucca Mountain by rainstorms is a
major source of infiltration. Capillary barriers are
ineffective in diverting this flux, and so zones of higher
moisture flux exist permanently or seasonally below washes.
One or more of these zones is not detected during site

characterization.

10. Under usual moisture conditions, capillary barriers divert
infiltration under major washes laterally. However, occasional
major floods provide sufficient infiltration to overcome the
capillary barrier and create temporary wetter zones beneath the

washes.

11. Most percolation through the deeper unsaturated portions of
Yucca Mountain occurs following major precipitation events
whose recurrence interval is tens, hundreds, or thousands of
years. Current moisture conditions on the mountain reflect the
later, dryer stages of the response to one of these events.
After future events, there are periods of tens to hundreds of
years during which percolaﬁion through the unsaturated zone is
increased. Fracture flow then occurs in the Topopah Spring
unit and perhaps other hydrogeologic units between the

repository and the water table.
2.1.8 Sedimentation

The processes of erosion and, to a lesser extent, sedimentation in
washes are proceeding actively on Yucca Mountain. The mountain is under
going net erosion. The sedimentation that will occur during the next
10,000 years will not differ in character from that which has occurred in

the past and therefore should not significantly affect a repository.
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2.1.9 Diagenesis

Because the repository is located in consolidated volecanic rocks,
diagenetic processes as such are unlikely to be significant. However, a
closely related geochemical process, the alteration of volcanic glass to
a series of clay minerals, may be important. This is discussed in
Section 2.1.12.

2.1.10 Diapirism

Diapirism generally refers to the flow of salt rocks. No salt
formations are present in the subsurface at Yucca Mountain, nor are there
shales, which have also been known to flow. Diapirism is therefore

impossible at this site.

2.1.11 Faulting and Seismicity

The IAEA lists *"faulting/seismicity" as a single phenomenon.
However, movement along a fault within the repository could affect waste
isolation in ways fundamentally different from events elsewhere that only
send seismic waves through the repository. Since underground structures
are generally resistant to earthquake effects [EA, Section 6.3.1.7.5],
the waste package is designed to withstand a 20-foot drop onto an
unyielding surface [Gregg and O'Neal, 1983], which would accelerate it
far more than the 0.4 g expected from a maximum earthquake (EA,

Section 6.3.1.7.5), and since the rocks of Yucca Mountain have already
been subjected to earthquake stresses for millions of years, it is
difficult to see how seismic waves from earthquakes centered outside the
site could impair long-term waste isolation. (The report edited by Tsang
and Mangold [1984, pp. 58-59] suggests otherwise, but in such general
terms that it is difficult to derive any specific scenarios from it.)

The discussion here will therefore focus on fault movement in or near the

repository.

Even after movement stops, a new fault might perturb the

ground-water flow system. The effects of a new fault on which movement
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had stopped would be similar to those of an existing, undiscovered fault
at the same location, although surface mineralization or £i11 that might
be present in an existing fault would be absent. Hydraulic effects of
faults at locations where an existing fault would be sure to be
discovered during site characteriza;ion are discussed in this section.
At other locations, an existing undiscovered fault is more likely than a
new one, given the great age of the tuffs compared to the 10,000-year
period of this study. Faults at such locations are discussed in

Ssection 2.1.19. ‘

Likelihood of occurrence - Studies by the U.S. Geological Survey

(USGS, 1984] conclude that stresses measured in drill holes at Yucca
Mountain *"are close to those at which frictional sliding might be
expected to occur on the faults which strike N 25° E to N 30° E." Most
faults and fractures in the area strike either northwest or north-
northeast, so such faults are not numerous. Nevertheless, this stress
state suggests the possibility of movement along either some existing
fault or a new fault. The suggestion is borne out by the observation of
Quarternary movement along at least one fault in Crater Flat [Swadley and
Hoover, 1983]. Motion along existing faults is more likely than the

creation of new faults.

The EA [Section 6.3.1.7.4] indicates that "a preliminary conclusion
could be made that the north-trending faults at Yucca Mountain should be
considered potentially active even though the absence of seismic activity
suggest that they are not active." Calculations in Section 6.3.1.7.5 of
the EA suggest rates of large earthquakes (magnitude greater than 6.5) of
0.01 to 0.025 per 1000 years per 1000 square kilometers, or 0.0006 to
0.0015 in 10,000 years for a 6.15-square-kilometer repository. Fault

movements causing earthquakes of lesser magnitude are more likely.

Direct releases - One direct-release scenario is uplift of one side

of a fault through a repository that is so rapid that waste is exhumed.

Rates of fault movement in the area are no more than about 0.001 centi-

meter per year [EA, Section 6.3.1.7.5]. This yields a maximum uplift of
10 centimeters in 10,000 years, which would be insufficient by many

orders of magnitude to bring waste to the surface.
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Indirect releases - Movement along a fault could affect ground-water

flow in several ways. The hydraulic conductivity of the fault itself
could be increased by fracturing, brecciation, or dilatation of existing

fractures, or it could be decreased by formation of fault gouge.

Small offsets on new faults through the Tiva Canyon welded unit
could create "traps" for laterally moving moisture and thus new zones of
enhanced flow through the Topopah Spring unit. Because rocks in the
fault would be weakened, new arroyos might be formed by erosion at the
surface, creating zones of enhanced infiltration. Large vertical offsets
might place nonadjacent beds in contact, bypassing flow barriers, and
they could create discontinuities in aquifers. But the hydrologic units
are thick enough that scenarios of the latter type require grossly
excessive fault offsets, even for the unsaturated-zone units (the Tiva
Canyon and the underlying Paintbrush nonwelded unit) that in places have

thicknesses of only a few tens of meters.

Movement along a fault through the repository might also shear waste

canisters open.

Sequences to be considered--The following sequences require further

consideration:

12. Movement of a new or existing fault shears canisters along the
line of the fault. The same fault also creates a "trap" for
moisture moving laterally through the Tiva Canyon welded unit,
and so the sheared canisters are placed in a region of enhanced

downward moisture flux.

13. Fracture dilatation along a new or existing fault creates zones

of enhanced premeability in the Calico Hills and Paintbrush
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14,

15.

16.

_ nonwelded units. Erosion of an arroyo at the surface and

increased hydraulic conductivity of the Paintbrush unit create
a zone of increased percolation along the fault. Moisture
moves through fractures along the fault in the Topopah Spring
and Calico Hills units. The result is a greatly reduced

unsaturated-zone travel time.

The downdip side of a new or existing fault moves up. The
fault thus forms a “trap" for laterally moving moisture in the
Tiva Canyon welded unit. A new region of enhanced flux through

the Topopah Spring unit is created.

Fracturing along a newly mobilized fault creates a permeable
pathway through the flow barrier north of the repository

block. The magnitude of the resulting change in the flow
system is sufficient to raise the water table under the
repository to the top of the Calico Hills nonwelded unit.
Hydraulic gradients increase also. This decreases travel times
in both saturated and unsaturated zones by eliminating the
section of the unsaturated flow path through the Calico Hills

and by raising the saturated hydraulic gradient.

As in the previous scenario, fault-caused fracturing breaches
the flow barrier north of the repository block. Flow is
blocked by another barrier, not apparent from the current head
distribution, and the resulting rise in water table floods the
repository. The water passing through the repository

discharges through springs in Fortymile Wash.

2.1.12 Geochemical Changes

Geochemical processes could be accelerated by waste and repository
effects, and so they are discussed in more detail in Section 2.3. The
discussion here is limited to processes occurring away from the zone of

thermal influence, especially below the water table.
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Likelihood of occurrence--The principal geochemical alteration

processes occurring on Yucca Mountain are the devitrification of glassy
components of the tuff and their alteration to a series of zeolite
minerals. Historically, these processes have not occurred at significant
rates in the proposed repository horizon. They have occurred below the

repository.

Indirect releases--These geochemical processes could either improve

or degrade waste isolation. The principal improvement in isolation would
be due to formation of alteration products, which generally have chemical
properties giving better sorption than the original minerals. The
potential for poorer isolation would be due to reduction of effective
porosity by precipitation in the saturated zone. Intuitively, it would
appear that the improvement of isolation because of better sorption would
outweigh any loss of effective porosity (EA, Section 6.3.1.1.4), but no
quantitative evaluation has been conducted to determine whether that
would be so (NRC, 1985 p. 60).

Another effect is possible in a conceptual model in which fracture
flow occurs in the unsaturated Topopah Spring welded unit under present
conditions. Because the moisture flux is so much less than the saturated
hydraulic conductivity of this unit, only the smallest-aperture fractures
will be saturated. Alteration products might clog these fractures,
diverting flow into larger ones. The effect would be an increase in

velocity.

Sequences to be considered--The following sequences of events

require further consideration:
17. Precipitation of zeolites or other minerals in the saturated
zone reduces effective porosity without significantly improving

the sorptive properties of the rocks.

18. Fracture flow occurs in the unsaturated zone at current

percolation rates. Precipitation or alteration of minerals
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blocks the small-aperture fractures and diverts the flow into

larger fractures, increasing the water velocity.
2.1.13 Ground-Water Flow

Ground-water flow is expected to occur at the site and is part of
the expected scenario. It is also part of all indirect-release sequences

and therefore need not be trgate@ separately.
2.1.14 Dissolution

Dissolution is not a concern at Yucca Mountain (EA, Section 6.3.1.6).
2.1.15 Brine Pockgts

Brine pockets are found in salt beds under lithostatic pressure.
Because of the substantial permeability of the tuffs at Yucca Mountain,
the existence of substantial amounts of water of any composition under

lithostatic pressure is not credible.
2.1.16 Orogeny

Within the Great Basin, mountains are being elevated. For Yucca
Mountain the process of upthrusting involves movement of blocks along
north-northeast trending faults that are generally downthrown to the
west. The pattern has been in motion at least through the Quaternary
(Swadley and Hoover, 1983, p. 7). Offset scarps of as much as 3 meters
have been observed. The rate is less than 30 centimeters in 10,000 years
(EA, Section 6.3.1.7.4).

While there is no suggestion of cessation or reversal of this
process in the next 10,000 years, there is a possibility of changing
rate. Evidence for possible rate variation comes from observations of
areas in the Great Basin where uplift rates are as high as 4 (EA,
Section 6.3.1.7.4) to 8 (NRC, 1985, p. 92) meters in 10,000 years.
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With or without rate change, the effects of orogeny are experienced

as faulting and erosion. These are discussed separately elsewhere.

2.1.17 Epeirogenic Uplift and Subsidence

Epeirogenic events could be of concern if the direction were uplift
of the region. This might accelerate erosive processes. But the Great
Basin physiographic province is essentially a graben. It is a subsiding
block producing extension of the continental landmass. For most of the
Cenozoic Era, it has been a collection basin for sediments eroding from
bordering mountain ranges and plateaus. Such a process can reverse
itself only very slowly, if at all. There is no suggestion that there
might be a reversal in the next 10,000 years. Therefore, there is no
likelihood of increased erosion due to epeirogenic uplift during that

period.

Subsidence could be a problem if it brought the repository closer to
the water table. However, the base level for the ground-water basin is
not set by the ocean but by Death Valley and the Amargosa Desert, which

are subsiding along with Yucca Mountain.

2.1.18 1Isostatic Uplift and Subsidence

Isostatic movement is the regional response to glacial weight. The
Great Basin province did not undergo Pleistocene glaciation. Renewed
mountain glaciation on ranges bordering the province is not impossible
during the next 10,000 years. But these would be essentially local
mountains, and because these would be essentially local mountain

glaciations, there should be no isostatic consequences.

2.1.19 Undetected Faults and Shear Zones

Likelihood of occurrence--Because of the extensive surface exposures

of well-stratified bedrock at the repository site, it is unlikely that

undiscovered major through-going faults in tuff exist there. Outside the
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repository site itself, undiscovered faults of considerable magnitude
could be concealed by alluvium. 1In Paleozoic sediments or igneous
intrusives below the tuff, undiscovered faults probably exist, but the
expected flow path for contaminants does not go that deep, and so it is
hard to see how such deep faults could have any significance for releases

from the repository.

The existence of small undetected faults, of limited offset, in the
southern half of the repository site is suggested by the geometry of
structure sections (USGS, 1984, p. 515. Similar evidence indicates that
such faults also exist southeast of the site, between Fran Ridge and
Fortymile Wash (Scott and Bonk, 1984). Further evidence for the
existence of as-yet-undetected minor faults is the discovery of fault
zones not predicted by Scott and Bonk in Borehole G-4, in the northern
portion of the repository block (NRC, 1985).

Indirect releases--The presence of small now-undetected faults in

the repository block is taken for granted in the conceptual model of
Montazer and Wilson (1984). One would expect that, in constructing the
repository, efforts will be made to detect the wetter zones predicted by
Montazer and Wilson below the intersection of these faults with the lower
contact of the Tiva Canyon. (The wet zones would probably not coincide
with the faults at repository depth unless the faults were vertical.) No
waste would be emplaced in apparent wet.zones, but it is conceivable that
a wet zone would escape detection during repository construction and
waste would be emplaced in it. The zone might be wet enough for moisture

to move in fractures through the Topopah Spring welded unit.

Major faults might be pathways of preferential ground-water movement
through the unsaturated zone. A major fault that intersected the
repository workings would certainly be detected during the construction
phase of the repository. A fault passing above the repository, but not
intersecting it, would presumably divert moisture away and improve

performance.
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Below the repository, however, a major fault in the unsaturated zone
might be significant. It could create a zone of higher permeability in
the Calico Hills nonwelded unit. Percolating water might pass
preferentially along the fault, with a higher velocity. 1In the worst
case, the matrix in the fault might be saturated, leading to fracture
flow.

Alternatively, matrix hydraulic conductivity could be reduced in a
fault by formation of fault gouge. If the matrix hydraulic conductivity
were reduced below the percolation rate, flow would be diverted into

fractures.

Fault permeability might create a pathway for water movement from
the water-table tuff aquifer down to an underlying carbonate aquifer.
Contaminant velocities in the carbonate aquifer could be greater than in
the tuff, because of greater hydraulic conductivity (Craig and Robison,
1984), greater hydraulic gradients, and perhaps less influence of matrix
diffusion. (Matrix diffusion could be impeded if the carbonate rock has
a lower matrix porosity than the tuff, if flow in it is concentrated in
fractures of greater aperture, or if the fracture surfaces are coated
with low-permeability material.) Movement from the tuff to the carbonate
aquifer is only possible in the western portion of the repository site,
because the head of the tuff aquifer in the eastern portion is less than
that measured in the carbonate aquifer to the east of the site. It
should be emphasized that existence of the carbonate aquifer beneath the
repository site has not been confirmed, and it has been hypothesized that
beneath the site, especially its western portion, the carbonate has been

replaced by igneous intrusive rocks.

It is hard to imagine that an undetected fault in the saturated zone
could perturdb lateral flow in the tuff aquifer more than the flow
barriers of unknown, and possibly fault-related, nature that have already
been detected west and north of the repository block. Unless a great

deal more is learned about these barriers, performance assessments of the
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“expected" scenario will have to include a sensitivity analysis to
compensate for the limitations of our knowledge. This analysis should
bound the effects of any undetected faults. Undetected faults affecting

only the tuff aquifer therefore need not be considered separately.

Sequences to be considered--The following sequences require further

consideration:

19. A wet zone below a minor fault through the Tiva Canyon lower
contact escapes detection during repository construction and
waste is emplaced in it. More water is available to degrade
waste packages in this zone, and the flux through the zone is

sufficient to cause flow in fractures.

20. An undetected major fault dips below the repository. The fault
has greater permeability than surrounding unfaulted rock, and
enhanced moisture flow is directed along it. As a result,
water proceeding down from the repository passes through the

Calico Hills nonwelded unit in fractures.

21. An undetected major fault dips below the repository. Because
of the fogmation of fault gouge, matrix hydraulic conductivity
in the fault is less than the moisture flux, and so moisture
flows through the Calico Hills nonwelded unit along fracture in

or just above the fault.

22. An undetected fault provides a path for water movement from the
tuff aquifer beneath the western portion of the repository to
an underlying carbonate aquifer. Contaminant movement is
faster in the carbonate aquifer than in the tuff because of
greater hydraulic conductivity and gradient. There is also

less matrix diffusion in the carbonate than in the tuff.
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2.1.20 Undetected Breccia Pipes

Because there are no soluble salt formations below the repository
and no magmatic intrusions have occurred since the emplacement of the

tuff, the existence of breccia pipes is not credible.
2.1.21 Undetected Lava Tubes

There is no evidence of volcanic activity at Yucca Mountain since
the deposition of the Crater Flat and Paintbrush Tuffs more than 12

million years ago. The existence of any lava tubes in these units is

therefore extremely unlikely.
2.1.22 Undetected Dikes

Likelihood of occurence--No intrusive dikes or sills have been

detected in an extensive program of geologic mapping and drilling at
Yucca Mountain (Scott and Bonk, 1984). The existence of such features is

therefore very unlikely.

Indirect releases--A dike might provide a feature, of very low

matrix permeability but high fracture permeability, cutting through
nonwelded "capillary barriers" and providing a pathway for rapid water

movement.

The hydraulic effects of a sill would be similar to those in a lava
flow. The tuffs at Yucca Mountain are quite heterogenic and include
several interbedded lava flows. Models of the hydrogeology of the site
do not attempt to explicitly include such minor features. As features
sinilar to sills are already implicitly included in the models,

undetected sills do not have to be treated separately.

Sequences_to be considered--The following sequence of events

requires further consideration:

-38-



23. An undetected dike passing through the Calico Hills nonwelded
unit beneath the repository has very low matrix permeability
but fairly high fracture permeability. Hoisturé infiltrating
along the dike therefore moves through fractures, and so travel

times are small.
2.1.23 Undetected Gas or Brine Pockets
As discussed in Section 2.1.15, gas or brine pockets are not
credible. The permeability of the tuffs on Yucca Mountain is such that
any gas or brine pockets would long since have been drained.

2.1.24 Magmatic Intrusion

Likelihood of occurrence--Geologic relations suggest that the most

likely type of magmatic activity at Yucca Mountain is basaltic volcanism
rather than a plutonic intrusion (USGS, 1984). Because, as discussed in
the next section, basaltic volcanism through the repository is at most
barely credible, the possibility of plutonic intrusion need not be

addressed.

Indirect releases--Intrusions could either reach the repository

level itself or rise only to depths well below the repository where they
affect water circulation. Each type of scenario will be discussed in

turn.

It might be possible for a small amount of basaltic magma to rise
toward the surface, intruding into the repository without erupting at the
surface. The magma would form dikes or sills rather than large bodies
(Crowe et al., 1982). Logan et al. (1982) analyze the thermal effects of
emplacement of such dikes. 1In the absence of magmatic activity, the
highest temperature the canisters would normally experience is
approximately 250° C. Temperatures would rise above this only within

about 10 meters of an intruding dike.

1f repository drifts were left unfilled, magma rising through a vent

might flow laterally into them and fill them. If canisters were emplaced
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vertically in the room floors, nearly all of them would encounter severe
thermal stresses. Moisture in the magma would undoubtedly affect the
waste canisters and cladding. This would be offset, however, by the
emplacement of a flow barrier (with very small matrix hydraulic
conductivity) above the waste canisters that would divert infiltration

into the pillar areas of the repository.

These scenarios could undoubtedly be further elaborated. Magmatic
intrusion into the repository seems unlikely at the Yucca Mountain site,
however, in the absence of eruption. The indirect release mechanisms
resulting from intrusion would almost certainly lead to smaller releases
than the entrainment of waste magma that analyses of eruption scenarios
have assumed. The risk of magmatic-intrusion scenarios will therefore be
bounded, in both probability and consequences, by the risk of eruption

scenarios, and so the intrusion scenarios need not be further analyzed.

Magmatic intrusions at depths well below the repository could create
a system of hydrothermal ground-water circulation (M¥RC, 1985). However
Crowe et al. (1982) indicate that the bodies of magma characteristic of
magmatic activity in the region are not big enough to form the large-
scale intrusions that are needed to create persistent hydrothermal

circulation.

2.1.25 Extrusive Magmatic Activity

Likelihood of occurrence--The probability of volcanic disruption of

a waste repository at Yucca Mountain has been calculated as between 1 in
3 billion and 1 in 20 million per year (USGS, 1984). The upper end of
this range corresponds to a probability of 0.0005 of disruption during

10,000 years.

EPA regulations (EPA, 1985) place no restriction on releases of
radioactivity with a probability of less than 0.001. However, in the
guidance appended by EPA to the regulation, it is suggested that only
events with a probability of less than 0.0001 can be ignored entirely.
The thought behind this guidance wculd appear to be that if the
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p-obabilities of several events or processes that are capable of causing
releases greater than allowed by the standard lie between 0.0001 and
0.001, these probabilities should be added together to see whether the
total probability of such releases exceeds 0.001. In our view,
arithmetic addition of probabilities in this manner would require much
more precision in estimating the probabilities than is possible.
Nevertheless, sequences involving extrusion of magma are included here

for completeness.

Direct releases--Only waste that actually lies within a feeder dike

or vent would be incorporated in the magma (Logan et al., 1982). Logan
et al. assume that all waste in the physical volume of feeder dikes is so
incorporated, but they point out that this assumption is probably
conservative; usually very little country rock is observed in volcanic

extrusive rocks.

The expected fate of waste incorporated in magma is described as

follows by the USGS (1984):

Waste incorporated in magmas would be dispersed by surface
eruptions; the major pathway of contaminants would be through the
pyroclastic component. Magma pathways can be approximated assuming
that waste dispersal follows the dispersal patterns of lithic
fragments studied in cone scoria: Thus, the greatest volume of
dispersed waste would be in the scoria sheet, with lesser amounts
dispersed with fine-grained (less than 65 micrometers) wind-born

particles and in a scoria cone.

The principal pathways of human exposure from radioactivity released
in this way would be direct exposure of individuals living in houses
built of cinder-block made from the scoria, direct exposure of
individuals living on the scoria, and inhalation of resuspended air-fall

ash.
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Indirect releases--Indirect releases from a volecanic eruption would

be similar to those from a noneruptive intrusion. As discussed in the
previous section, these may be neglected in comparison to the direct

releases.

Sequences to be considered--The following sequence of events

requires further consideration:

24. A basaltic volcano erupts through the repository. The volcano
is fed through a dike; waste canisters within the dike mix with

the magma, and their contents are erupted.

2.1.26 Meteorite Impact

The probability of a meteorite impact sufficient to breach a
rvepository has been calculated by numerous authors (Koplik et al.,
1982). Because of the probability of a given impact is largely
independent of location and cratering depth depends only moderately on
lithology, site-specific calculations are not necessary. However, the
calculation does depend on the depth of the repository, because a lesser
impact would be required to breach a 200-meter-deep repository at Yucca
Mountain than one located at the depth of 600 meters, which most

calculations assume.

KBS (1977, p. 104) gives the probability of a meteorite strike
creating a crater 100 meters deep as 1 in 10 trillion per square
kilometer per year. This would give the probability of occurrence within
10,000 years for a 6.l15-square-kilometer repository as less than 1 in
100 million. This is far less than the probability cutoffs set by the

EPA (1985), and no further consideration of the issue is required.

2.2 Human Activities

2.2.1 shaft Seal Failure

Because free drainage of water around waste canisters is desicable

in an unsaturated-zone repository, shafts and access ramps would not be
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sealed, except perhaps near the surface to prevent infiltration of runoff
and entry by humans (Roseboom, 1983). Any runoff that did enter a shaft
or ramp woﬁld quickly dissipate into the surrounding rock (Fernandez and
Freshley, 1984). Shafts would, if necessary, be extended slightly below
floor level of the repository to ensure drainage of any infiltrating
water into the rock below. Failure of shaft seals is therefore not a

consideration.

Sealing of the shaft may be required for nonhydrologic reasons (EA,
Section 6.3.3.3.4; Fernandez and Freshley, 1984). However, because no
credit is now taken for these seals in analyses of long-term performance,
their failure does not require independent treatment.

2.2.2 Failure of Exploration-Borehole Seals

As with shafts, there is no need apparent at this time to seal
exploration boreholes (Fernandez and Freshley, 1984), and therefore seal
failure is not a consideration.

2.2.3 Faulty Waste Emplacement

Likelihood of occurrence--Waste emplacement carried out in deep

mines will be hard to inspect and verify. Once a wéste canister is in
its final resting place, physical inspection would require taking it back
out, so inspection of more than a small random sample of emplaced
canisters is effectively impossible. As a result the potential for

improper emplacement of some canisters is increased.

Improper manufacture of waste canisters will be limited by quality-

control systems, but it is not possible to ensure perfection.

Direct releases--Any direct release of radiocactivity due to improper

waste emplacement would be considered an operational accident, and as

such is outside the scope of this report.
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Indirect releases--In the conceptual model of Montazer and Wilson

{1984), the Topopah Spring welded unit contains wet zones, where the
downward moisture flux is greater than elsewhere; these zones will be
avoided when waste is emplaced. One or more canisters might nevertheless
be placed in a wet zone by mistake. As it is not yet known how wet these
zones will be, or how they will be detected, estimating the likelihood of

such a mistake is not possible.

If drains are installed above waste canisters to divert water around

them, some drains might be improperly constructed or omitted altogether.

Waste holes might not be drilled with the planned attitude. 1In the
extreme case, waste canisters might be left lying flat on the floor of
mine drifts rather than placed in drilled holes. Water would be able to
drip on them even when their surface temperature is above 95° C, the
approximate boiling point of water in the repository. The canisters
would also have a larger cross section to intercept downward-moving

moisture.

Canisters might be placed closer together than specified, causing
them to reach a higher temperature than predicted. Higher fuel

temperatures would accelerate cladding corrosion (Gause and Soo, 1985).

Waste canisters might be improperly manufactured, or they might be

abraded or punctured during emplacement.

Sequences to be considered--The following sequences require further

consideration:
25. Canisters are placed by mistake in wet zones. These canisters

are exposed to more water than planned and the water moves more

quickly to the water table.
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26.

27.

28.

29,

30.

Drains installed to divert water around canisters are
improperly built or omitted altogether over some canisters. As
a result, more water is available to corrode canisters and

dissolve the spent fuel.

Canisters are left lying on the floor of repository drifts.
These canisters have poorer heat removal than those properly
emplaced, and their incréased horizontal cross section raises
the amount of water they intercept. The additional water and.
higher fuel temperature accelerate canister and cladding
corrosion. The manner of emplacement allows water to drip on
the canisters and corrode them even while their temperatures

are well above 95° C.

Canisters are placed closer together than planned. As a
result, temperatures inside the packages are higher than
anticipated. Corrosion of fuel cladding is accelerated as a

consequence.

Some waste canisters are manufactured so improperly that they

fail early.

Some waste canisters are punctured or abraded during

emplacement.

2.2.4 Irrigation

This section discusses the effects of applying irrigation water at

the surface, without reference to the sburce of the water. Effects of

withdrawing irrigation water through wells located in or near the

repository are discussed in Section 2.2.6, which discusses ground-water

withdrawal.

Likelihood of occuéfence--Irrigation directly over the repository

seems extremely unlikely, given the planned institutional controls, great



depth to the water table, absence of nearby surface water, rough
topography, and poor soils. This possibility seems not to warrant

detailed consideration.

Irrigation in the flats on either side of Yucca Mountain is somewhat
less improbable, because of the flatter topography and lesser, although
still considerable, depth to water. Nevertheless, soil quality is
probably poor (judging from the coarse-grained nature of the sediments in
the valleys; further study of this point might be useful) and contained
institutional controls or at least site markings would tend to direct
agricultural projects away from Crater and Jackass Flats toward the

Amargosa Desert.

Indirect releases--Irrigation water applied to the surface near the

repository could move laterally into areas of dryer rock and thus
increase the moisture flux through the repository. Midway Valley (see
Figure 2), which is the nearest area to the repository topographically
suitable for irrigation, is about 1 kilometer from the site boundary.

The floor of Midway Valley lies no more than 200 meters above the
proposed repository level. As the suction in the Topopah Spring tuff in
the repository block seems to be on the order of 10 to 100 bars, or 100
to 1000 meters (Montazer and Wilson, 1985), the gradient driving
unsaturated flow toward the repository would be on the order of unity, or
somewhat less. This is close to the downward gravitational potential
gradient of 1, and because the tuff is stratified, hydraulic conductivity
is likely to be greater in the horizontal than in the vertical direction
(Freeze and Cherry, 1979, pp. 32-34). It is therefore not impossible
that irrigation water applied in Midway Valley could infiltrate through

the repository.

Irrigation might also raise water tables and thus change the
ground-water velocity in the saturated zone. But irrigation south or
east of Yucca Mountain could only reduce the gradient at the mountain,
further isolating the repository. Higher water levels upgradient, to the
east or northeast, would have little effect, because flow barriers

separate those areas from the main part of the repository site. The head
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drops across those barriers (45 meters to the west, and 300 meters to the
north) exceed any changes in water level that could reasonably be

expected from irrigation.

Sequences to be considered--The following sequence of events

requires further consideration:

31. Irrigation in Midway Valley increases the moisture flux through

the repository.
2.2.5 Reservoirs

Given the highly ephemeral nature of all streams in the vicinity of
Yucca Mountain, the construction of large reservoirs is not credible.
Any small impoundments that might be built to collect runoff, to be
worthwhile, would have to be lined, and therefore would not affect the

subsurface.
2.2.6 Intentional Ground-Water Recharge or Withdrawal

Hydraulic effects of ground-water recharge and withdrawal are
discussed in this section. Direct removal of waste when wells are

drilled is discussed in Section 2.2.11.

Likelihood of occurrence--Artificial recharge would be employed to

enhance ground-water supply. A source of water is required; this source
may be distant or local. If the source is distant, users would probably
find some sort of aqueduct system to be less expensive than a process of
infiltrating the water through hundreds of meters of rock to the water
table, waiting years for increased ground-water flow, and pumping the
water back up to the surface. Local water sources are limited to
intermittent runoff. Such runoff could be trapped in covered cisterns in
order to increase recharge. This technique was used in the ancient
Middle East.

Withdrawal of local ground water for purposes of irrigation or.

domestic supply is more reasonable than importation of water from distant
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sources. The extent of water withdrawal will reflect the durability of
institutional controls and markers, the size of the local population, and
the economic and social arrangements of future civilizatibns. The
limited information we have suggests that soils near Yucca Mountain may
drain too rapidly to support the sustained agricultural community using
current practices, but more information about soil conditions in Crater
Flat, Midway Valley, and Jackass Flats is needed to refine this
prognosis. 1If a significant population center develops in the area, the
most likely site for wells is along Fortymile Wash where Topopah Spring
welded tuff is below the water table. This is where the current supply

wells J-12 and J-13 are located.
1f mines are developed below the water table at Yucca Mountain,
dewatering will be required. As discussed in Sections 2.2.11 and 2.2.13,

such mining is unlikely but not impossible.

Indirect releases--Artificially intensified recharge could lead to a

larger moisture flux through the repository.

Acrtificial withdrawal of water, depending on where it takes place,
could reduce the distance to the accessible environment. It would also
tend to increase gradients and, therefore, ground-water velocities in the
saturated zone adjacent to the wells. On the other hand, the path length
in the unsaturated zone would be increased to the extent the water level

is lowered.

Sequences to be considered--The following sequences require further

consideration:

32. Water is collected in covered cisterns above the repository to
enhance ground-water recharge. The moisture flux through the
repository is therefore increased, especially beneath the

cisterns.
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33. 1Irrigation wells are drilled in Midway Valley, reducing the
distance to the accessible environment and increasing the
hydraulic gradients in the saturated zone beneath the

repository.

34. 1Irrigation wells are drilled in Crater Flat or Jackass Flats,
increasing the hydraulic gradient between the repository and

the accessible environment.

35. Pumping rates increase in the presently irrigated area around
the town of Amargosa Valley (formerly Lathrop Wells). The
water table is significantly drawn down, and the hydraulic
gradient between the repository and the accessible environment

is increased.

36. Mine dewatering is carried out directly below the repository.
The saturated zone is eliminated as a barrier, but the depth of

the unsaturated zone increases.
2,2.7 Chemical Liquid Waste Disposal

Future practices in waste disposal cannot be predicted with
certainty, but current practices suggest that Yucca Mountain is a very
unlikely location for disposal of liquid chemical wastes. Chemical
wastes are generally disposed of as liquids in two ways: deep-well
injection and surface impoundments.

Deep-well injection generally is into deep, highly saline
sedimentary aquifers from which little discharge is anticipated. A deep
sedimentary aquifer does exist, if not under the mountain at least
immediately to the east; but the water in it is fresh. Furthermore, the
aquifer is so far below the repository that injection would have no
effect on the repository. 1If hydraulic gradients were to be altered in
aquifers near the water table, the repository would be indirectly
affected. But avoiding disturbance of water table aquifers is normally a

criterion for choosing sites for deep-well injection.
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The rugged terrain of the repository site would be an unlikely
location for a surface impoundment for waste disposal. An impoundment in
one of the flats near the repository would have an effect similar to

irrigation, and its effects would resemble those of irrigation.

The current trend in waste disposal is, for environmental reasons
that are unlikely to change, away from surface impoundments and deep-well
injection. This trend further reduces the likelihood that such
activities will affect a waste repository.

2.2.8 Large-Scale Alterations of Hydrology

Likelihood of occurrence--A large-scale alteration of the hydrology

of the region by human activity would most likely be related to
introduction of an active management regime for the Alkali Flat-Furnace
Creek Ranch ground-water basin. If sufficient demand for water develops
in the area, the motivation for such a scheme would exist, because one
could capture fresh water that now disch?rges unused by

evapotranspiration in Alkali Flat.

Another possible cause of large-scale alteration of the hydrologic
regime is the damming of the Colorado River. Because Yucca Mountain is
well above the level of the Colorado and no other major water sources are
available in the region, major water projects are unlikely to affect a

future repository (Hunter et al., 1982, p. 118).

Indirect releases--Active management would tend to change, and more

likely than not increase, hydraulic gradients under Yucca Mountain. The
tendency for gradients to increase would occur because the recharge areas
are to the north of Yucea Mountain and the most likely areas of use are
to the south and west. The purpose of active management would probably
be to increase recharge in the north and withdrawals in the southwest.
More water would have to flow under Yucca Mountain, and so gradients

would be increased.

Sequences to be considered--The following sequence of events

requires further consideration:
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37. An active management scheme is introduced for the Alkali Flat-
Furnace Creek Ranch ground-water basin, by which hydraulic
gradients in the saturated zone beneath the repository are

increased.
2.2.9 Undiscovered Boreholes

Likelihood of occurrence--Yucca Mountain is not particularly

attractive as a target of mineral exploration and is entirely
unattractive as a petroleum prospect. The primary period of exploration
in the area before strict Federal control was established in the 1950s
was 1905-1910, before deep drilling was widely used for metal prospecting
(Bell and Larson, 1982). Extensive exploration and records searches have
produced no evidence of deep boring or excavation. It is therefore
probable that no undiscovered boreholes exist (EA, Sections 6.3.1.8.4 and
6.3.1.8.5).

Indirect releases--Undiscovered, unsealed boreholes reaching to or

below the repository level would promote free drainage and therefore
would improve repository performance unless waste canisters were emplaced
within the borehole. If waste were emplaced in tunnel floors, placement
of canisters within old boreholes would be extremely unlikely, because
the boreholes would be discovered during tunnel construction. A problem
could arise if wastes are placed in horizontal holes between drifts.

Then discovery of old boreholes would be less certain. A waste canister
placed in an old borehole might encounter unusually wet conditions if

current or future moisture fluxes were sufficiently large.

Sequence to be considered--The following sequence requires further

consideration:

38. A horizontally emplaced waste canister lies in the trace of an
old, undiscovered borehole. Moisture conditions are wetter
than predicted by Montazer and Wilson (1984), either because of

current conditions different from those they describe or
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because of climate change. Consequently, water flows in
fractures in the o0ld borehole, and the canister is wetted more
than other canisters.

2.2.10 Undiscovered Mine Shafts

Likelihood of occurrence--The review of records and exploration

described in the previous section strongly indicates that no undiscovered
deep mine shafts exist on Yucca Mountain. However, shallow prospects may

exist.

Indirect releases--An old prospect in the bed of one of the washes,

filled with rubble, might retain water after floods and therefore be a

location for enhanced infiltration.

Sequences to be considered--The following sequence of events

requires further consideration:

39. An old prospect in a wash retains water after floods and
therefore is a source of enhanced infiltration. The wet zone
beneath it is not detected during repository construction, and
waste is emplaced in it.

2.2.11 Exploratory Drilling

Likelihood of occurrence--There is no evidence for the existence of

energy resources other than low-temperature geothermal energy on Yucca

Mountain or its vicinity, and the area is not geologically favorable for

their occurrence. Other minerals (gold, cinnabar, fluorite) are mined at

Bare Mountain, about 10 miles to the west, and have been mined at

locations some tens of miles to the east of Yucca Mountain, now part of

the Nevada Test Site. However, there are no published reports of

commercial-grade mineral resources being found in the repository drilling

program. Therefore, Yucca Mountain is a relatively unattractive target .
for exploratory drilling for natural resources (Bell and Larson, 1982;

EA, Section 3.2.4).
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Fresh water underlies Yucca Mountain. Water is also available from
a more productive aquifer at lesser depth under Fortymile Wash a few
miles £o the east; future water users would be likely to follow current
practice and get their water there. WNevertheless, the possibility of

‘drilling water wells at Yucca Mountain cannot be ruled out.

. After centuries of cooling and radioactive decay, spent nuclear fuel
might be an attractive resource. Chemical processing might extract
valuable amounts of uranium, plutonium, rare fission-product elements,
zirconium, and perhaps copper, lead, or other canister components.
Certainly, the mineral values of the spent fuel far exceed any minor

natural resources that might be present at Yucca Mountain.

If records showing the exact location and layout of the repository
had been lost, exploratory drilling might be undertaken to prepare for
recovery of the spent fuel. Those undertaking such drilling would
presumably take appropriate precautions against the consequences of
drilling into the waste. Waste-recovery operations themselves are

discussed below in Section 2.2.15.

Some authors have estimated the probability of exploratory drilling
through a waste repository. The most recent such calculation, by Smith
et al. (1982), is the first to address disposal media other than salt,
but it simply takes a probability for salt, based on the likelihood that
the existence of the repository will be forgotten rather than the
intrinsic attraction of the repository site as an exploration target, and
multiplies it by an arbitrary.correction factor. This estimate is
therefore of no value in assessing the site-specific likelihood of

drilling at Yucca Mountain.

Another consideration in determining the probability of exploratory
drilling through a waste repository is the location of Yucca Mountain
near the Nevada Test Site. The persistence of surface radiocactivity in
localized regions may result in long-term administrative restriction of
the area, and test craters will serve as markers indicating the special

uses to which the area has been put.
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Direct releases--~If a borehole were drilled through a waste

canister, waste would be brought to the surface with the cuttings.

Indirect releases~-Water introduced with drilling mud would increase

the moisture content of rocks near a borehole. The moisture would
infiltrate through the system, temporarily increasing the flux in the

vicinity.

An unsealed borehole might create a pathway for flow through the
Paintbrush nonwelded unit. The Topopah Spring welded unit would be

wetter in the region directly below.

Drilling fluids often contain surfactants. Surfactants shift the
characteristic curve of an unsaturated medium in the direction of lower
water content at the same tension, or smaller suction at the same water
content. As a result, the smaller pores in the region immediately around
the borehole might drain. Air rather than water might to some extent
become the wetting phase. During subsequent episodes of infiltration,
the air in the small pores might drain slowly and thereby force the water

to flow through larger pores and fractures.

Sequences to be considered--The following sequences require further

consideration:

40. Exploratory drillers intercept a waste canister and bring waste

up with the cuttings.

41. Water introduced into the unsaturated zone as drilling fluid by

exploratory drillers drains downward, through the repository.
42. An exploratory borehole creates a pathway for preferential flow
through the upper nonwelded unit, and a wetter zone develops

beneath in the Topopah Spring welded unit.

43. Surfactants introduced into unsaturated rock by drilling fluids

shift its characteristic curve, draining smaller pores around
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the borehole. Water introduced by subsequent infiltration
events acts as though air were the wetting phase, and flows

through large pores and fractures.
2.2.12 Archaeological Exhumation

Given the markings and recordkeeping that will be carried out at a
repository, archaeologists planning to excavate a repository are likely
‘to know what lies below before starting. Even without records and
markers, excavation of the surface facilities would probably reveal that
radioactivity had been handled at the site. Below the surface, the
design of the mine (such as the ;ow extraction ratio and the lack of
correlation between the mine layout and any potentially ore-bearing
geological feature) would immediately suggest that this was a waste-
disposal facility and not a mine. An archaeologist excavating old mines
should be familiar with "ancient® mining practices and should easily
interpret these signs. 1In any case, removal of waste from a repository
by future archaeologists is not a proper concern of performance

assessment.
2.2.13 Resource Mining

Hydraulic effects of water withdrawal are discussed in Section
2.2.6. Any lowering of the water table due to "mining"” of ground water
- or mine dewatering would enlarge the unsaturated zone and so have a
favorable effect on waste isolation. The discussion here will therefore

be limited to effects of mining on the unsaturated zone.

Likelihood of occurrence--As discussed in Section 2.2.11, the

resource potential of Yucca Mountain is fairly small, and institutional
controls and markers are likely to discourage future mining activity.
The likelihood of future mining for minerals other than the waste itself

is therefore small, but mining of Yucca Mountain is not impossible.

The repository horizon in particular will be explored with extreme

thoroughness for any mineral resources by the very act of building the
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repository. If deposits are discovered during the construction of the
repository, either they will be extracted or the repository will be moved
elsewhere. Furthermore, anyone encountering waste canisters in the
subsurface will be able to recognize their anthropogenic origin.
Therefore, scenarios in which the repository level itself is mined for

other minerals are not credible.

Direct releases--A shaft excavated for a mine below the repository

horizon might be drilled through one or more waste canisters.

Indirect releases—-A mine shaft could have the same effects as an

exploration borehole, discussed in Section 2.2.11.

Sequences to be considered--The following sequences require further

consideration:

44, Builders of a mine shaft intercept a waste canister, and bring

radioactive waste up with the mine waste.

45. Water introduced into the unsaturated zone for mining above the

repository drains downward, through the repository.

46. A mine shaft creates a pathway for preferential flow through
the upper nonwelded unit, and a wetter zone develops beneath in

the Topopah Spring welded unit.

47. Surfactants introduced into unsaturated rock by drilling fluids
shift its characteristic curve, draining smaller pores around
the mine. Water introduced by subsequent infiltration events
acts as though air were the wetting phase and flows through

large pores and fractures.

2.2.14 War

Disruption of a repository 200 meters below the surface by war would

require a nuclear explosion, and a large one at that. In an unsaturated-
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zone repository, fracturing of the rock would not in itself affect
isolation; actual exhumation of the rock is required. This would require
a direct hit by a bomb larger than any weapon known to be in stockpiles
(Hunter et al., 1982, p. 117). The release of waste from a repository
would be a minor consideration in a war in which such bombs were

exploding.
2.2.15 Sabotage

After a few hundred years of institutional control, spent fuel is
less toxic £han such easily obtained substances as selenium, cyanide,
mercury, and arsenic (Koplik et al., 1982). This comparison is based on
acute toxicity, which is the relevant factor for sabotage. The spent
fuel will be buried at great depth, and be recoverable only at
considerable trouble and expense. It is hard to imagine that the lengthy
and difficult operations required for waste recovery would escape the
attention of the authorities. Recovery of waste from a repository would
therefore be quite an unattractive course of action for an aspiring

saboteur.
2.2.16 Waste Recovery

The resource values in spent fuel are such that recovery at some
future time might well be attraclive: However, permanent disposal has
been chosen as a national policy, and it would be inconsistent to base
burial plans on an expectation of recovery. If we think that future
generations might choose to recover the wastes, we should make their job
easier and safer, not more difficult. If performance assessments that
include waste recovery scenarios are used to pick a repositery site and
design for maximum retention of waste, the tendency would be to choose

the site from which recovery is most difficult.

In any case, individuals undertaking to recover wastes from a

repository would be deliberately taking the risks involved on themselves.
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Waste-recovery scenarios are therefore not an appropriate subject of
long-term performance assessments. (Operational safety during the period
of planned retrievability is, of course, a matter of concern in analyzing

preclosure performance.)

2.2.17 Climate Control

Likelihood of occurrence--A large, widespread increase in

precipitation, especially one that would increase recharge beyond the
levels expected for future pluvial periods (see Section 2.1.1), is far
beyond current technology. But it is not unreasonable to anticipate that
future civilizations might use artificial methods of climate modification
to increase precipitation in southern Nevada, including the Yucca

Mountain area.

Whether speculation on future technological developments is an
appropriate part of performance assessment is questionable. The
Environmental Protection Agency standards (EPA, 1585) do not seem to make

any exception for such scenarios, so they will be described here.

Indirect releases--As discussed in Section 2.1.1, the primary way in

which climatic change, whether natural or artificial, could affect
repository performance is by changing the rate of ground-water recharge.
The scenarios are similar whether the cause of the increased recharge is
natural or artificial, except that in the case of artificial climate
change one cannot assume that future recharge levels will remain below

past levels.

Sequences to_be considered--The following sequences require further

consideration:

48. An increase in recharge at the repository site due to
artificial climate change increases the unsaturated water flux
through the repository. This reduces canister lifetimes,

increases waste dissolution rates, and, by causing fracture
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49.

50.

51.

52.

53.

flow in the welded Topopah Spring unit, increases contaminant

velocity in the unsaturated zone.

An increase in recharge due to climate modification raises the
water table beneath the repository above the top of the Calico
Hills nonwelded tuff unit. Also, fracture flow is induced in
the welded Topopah Spring unit, so that contaminant travel

times to the water tatle are drastically reduced.

Recharge induced by large-scale climate modification raises .the
regional water table sufficiently to flood the repository,
accelerating waste-package failure and creating a pathway for
rapid flow to the accessible environment through the highly
conductive welded Topopah Spring tuff. With the higher water
table come discharge points closer to the repository, reducing
the distance to the accessible environment. (As with sequence
4, the ramifications of this sequence will not be developed

further in the belief that it will be shown not to be credible.)

A higher water table due to climate modification short-circuits
a flow barrier in the saturated zone, changing the pattern of

flow.

Perched water develops above the repository because of climate-
modification-induced recharge, diverting downward flow through
the repository into localized zones. Some waste caqisters are
wetted more than others, affecting canister lifetimes and leach

rates.

An increase in recharge due to climate control causes perched
water to develop at the base of the Topopah Spring welded
unit. Flow through the Calico Hills nonwelded unit is diverted

into fracture zones draining the perched water table.
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2.3 Waste and Repository Effects

The construction and use of a repository will impose thermal,
mechanical, chemical, and radiological stresses on the rock around it.
All of these processes can interact, and so waste- and repository-induced
failure sequences are hard to enumerate and classify. 1In the discussion
below, which is based on the IAEA list of relevant processes and events,
a sequence is generally listed under the phenomenon that plays the most
important role in it. The classification is necessarily arbitrary at

some points.

Useful descriptions of the role that might be played by coupled
processes in the performance of a waste repository are given by Tsang and
Mangold (1984) and de Marsily (1985).

2.3.1. Differential Elastic Response to Heating

Likelihood of occurrence--Because both temperature and lithology

will vary from place to place in a repository, differential thermal

expansion will occur.

Indirect releases--Thermal expansion of rocks might cause fractures

either to open or to close. This would be of little consequence under
current natural moisture flux conditions, where all flux is believed to

flow through the matrix.

In conditions of enhanced flux caused by heating, however, closing
of fractures could tend to prevent drainage and increase the accumulation
of condensate above the repository. Effects of such condensate are

discussed in Section 2.3.4.
If there is fracture flow under natural conditions, closing of

fractures could divert flow into larger-aperture fractures, increasing

the velocity of percolation.
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A consequence of ‘thermally driven rock movements may be some opening
of joints within perhaps 20 to 30 meters of the surface (Johnstone et
al., 1984). This might increase the permeability of the Paintbrush
nonwelded unit and create local zones of enhanced infiltration through it

where the geometry of the layers is appropriate.

Differential expansion of rocks around a waste canister might place
stresses on the canister, possibly enhancing the chances of stress-
corrosion cracking. At the extreme limit, canisters would be sheared by

imposed stresses.

Sequences to be considered--The following sequences require further

consideration:

54. Thermal expansion closes most fractures near the repository.
Pre-existing fracture percolation is diverted into fractures of

larger aperture, increasing water velocity.

55. Differential thermal expansion of surrounding rocks stresses

canisters, leading to stress corrosion cracking.

S6. Differential thermal expansion of surrounding rocks creates

stresses that shear canisters.

57. Rock movements driven by thermal expansion of underlying units
open fractures through the Paintbrush nonwelded unit. This
creates local zones of increased flux through the unsaturated
units below.

2.3.2 DNonelastic Response to Heating

Likelihood of occurrence--The primary nonelastic response to

thermally induced stresses on rocks is fracturing. Calculatiouns (EA,
Section 6.3.1.3.4) indicate that no fracturing is expected under expected

heat loadings, but a heat loading 10 percent higher would cause
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fracturing within 10 centimeters of waste canisters. Such fracturing
would be created by the mechanical stresses imposed by the combination of
the excavated opening and thermal expansion. Thus, fracturing of this

type must be considered possible.
The same forces, but with the thermal stresses playing a relatively
lesser role, could also fracture rock immediately around drifts. Such

fracturing is discussed in Section 2.3.6.

Indirect releases--In general, free drainage in the Topopah Spring

welded unit is considered a positive condition for the repository, and
therefore thermal fracturing would not be an adverse condition. There
are already sufficient fractures in the unit, viewed in bulk, to transmit
a flux far in excess of the current one, no matter what reasonable
hypothesis one holds about the nature of flow in the Yucca Mountain
unsaturated zone. The effect of additional fracturing on the bulk rock
would simply be to increase the amount of void space in the fractures,

which has no effect on travel times.

New fractures around waste canisters would not contain any
fracture-filling minerals and might therefore act as capillary barriers
to flow through the matrix. Movement across the fractures would most
likely be localized at those points where the two faces of the fracture
contact. 1In a fracture newly created by an.active stress field, éontact
points could be very few, perhaps leading to formation of water droplets
or film flow on the canisters. This could hypothetically accelerate
corrosion and waste dissolution, by increasing the amount of moisture
contacting the canister and by creating inhomogeneities that could serve

as sites for localized corrosion.

Sequences to be considered--The following sequence of events

requires further consideration:

58. Thermally induced fracturing of rocks immediately surrounding

waste canisters creates capillary barriers to movement of
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moisture between blocks of the rock matrix. The matrix is
locally saturated, foreing flow out into the fractures and
resulting in film flow or droplet impact on waste packages.
The result is accelerated localized corrosion and waste

dissolution.
2.3.3 Temperature Effects on Fluid Properties

Repository temperatures are certain to affect fluid behavior,
principally by shifting the moisture characteristie curve and increasing
the humidity of air in equilibrium with moisture at a given tension.

This will cause temperature-driven movements of water, in comparison with
which the effects of temperature on such fluid properties as pressure,
density, and viscosity and on rock properties such as relative
permeability will be minor. Therefore changes in these fluid properties
are subsumed within the fluid-migration sequences presented in the next

section.
2.3.4 Temperature-Driven Fluid Migration

Likelihood of occurrence~-~When temperatures in an unsaturated-zone

repository are elevated, thermal forces will largely control the movement
of moisture near the repository workings. .

The expected mechanism is as follows: At higher temperatures, water
vapor pressures in equilibrium with a given moisture suction will be
greatly elevated. Consequently, initial heating of rock around the
repository will cause evaporation of some water in the pores, leading to
higher vapor pressure, lower liquid saturation, and higher suction (that
is, more negative potential). Temperature, vapor-pressure, and suction-
head gradients, such as those shown schematically in Figure 6, could be
created; these gradients will lead to diffusion of vapor away from the
canisters and suction-driven flow of liquid towards them. Water will
flow toward the canisters in the liquid phase, evaporate as it enters a
region of higher temperature, ‘diffuse away, and condense to repeat the

cycle. The extent of this "heat-pipe” effect will depend on the flow
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Figure 6. Conceptual illustration of the variation of thermodynamic
variables with depth when the repository is heated above 95°C.
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characteristics of the tuff matrix and fractures in the thermally -
perturbed environment. Because of the shape of the repository, the

.dominant flows will be vertical except near the repository margins.

-Any net infiltration will continually add water at the top of this
system. It is not clear whether the rate of water removal from the

bottom of the system will exceed or be less than the rate of addition.

Temperature inhomogeneities will exist within the repository because
of variations in density of waste emplacement, waste age, and fuel
burnup. This could cause lateral movement of moisture, leading to the

existence of relatively wet zones.

The heating of the water in the saturated zone beneath the

repository could cause convective water movement.

Direct releases--If sufficient water accumulates in this two-phase

convection system, a saturated zone could be created in the area of
condensation. If vapor were unable to move away laterally, the gas phase
beneath this saturated region would build up a vapor pressure exceeding
atmospherié, with the head of steam equal to the thickness of the water
“cap.” If a sufficient steam pressure accumulates, and there is a
paghway for it to move rapidly upward, it might be released at the

surface as an artificial geyser.

Even leaving aside the extreme improbability of satisfying all the
assumptions required by this scenario, it would not lead to release of
any radioactivity. Near the repository, the direction of liquid movement
is only toward the waste. Since the wastes are soluble only in liquid
water and not in vapor, no wastes (aside from the minor amounts of gas
present) can move away from the canister. Consequently, the geyser would

not be contaminated.

A less extreme mechanism for release is the formation of aerosols

due to vigorous boiling of water near a hot canister (Tsang and Mangold,
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1984) and transport of these aerosols, with dissolved radioelements, to
the surface. This sequence requires the water droplets to pass through
200 meters of fractured porous medium--which will act as a
filter--without colliding with a solid surface. It does not seem
credible. At most, contamination could be carried a short distance above
the waste before adhering to a rock surface. As liquid water in rocks
above the waste will be moving downward, the dissolved radioelements

would then move downward.

Indirect releases--A number of mechanisms can be imagined whereby

the thermally driven moisture movements around an unsaturated repository
would indirectly enhance releases of radiocactivity. Among them are
numerous ways in which two-phase water recirculation could lead to
plugging of pores and consequent fracture flow. The pore-plugging
mechanisms all involve chemical reactions of some sort and consequently

are discussed in Section 2.3.10.

Alternatively, if a significant amount of water were to accumulate
above the repository during the thermal period, the downward flow of this
water after the thermal period ended might be sufficient to saturate the

rock matrix and cause flow in fractures.

Temperature inhomogeneities could cause localized accumulation of
moisture above the repository. Wet zones might exist below these

moisture accumulations, perhaps for a considerable time.

Another possibility, especially if bare canisters are emplaced in
the floors of repository drifts, is that a major temperature difference
will develop across a room or other air gap above a canister. Moisture
would condense on the roof and drip onto the floor, where it would boil
or rapidly evaporate. 1If water were to drip onto hot canisters in this

way, corrosion might be significantly accelerated.
It has been suggested (Tsang and Mangold, 1984) that the Soret

effect or thermal osmosis could be an important driving force for

radionuclide movement around waste canisters. However, these effects are
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primarily of interest for their effects on clay buffer material around
canisters. No clay buffers are included outside the canisters in the
tentative Yucca Mountain package designs (Gregg and O'Neal, 1983). 1In
any case, the rolé of these mechanisms is to redistributé solutes within
a volume of fluid. As dissolving species move away from the vicinity of
the solid phase, dissolution is accelerated. As long as calculations of
waste dissolution assume that the small amounts of water contacting
canisters form completely saturated solutions, any possible effects from

these phenomena will be bounded by the results.
In the saturated zone, thermal convection could cause water to rise
at the repository site and flow outward in the uppermost portion of the

tuff aquifer. This could increase ground-water velocity.

Sequences to be considered--The following sequences require further

consideration:

59. 'Water accumulates above a repository during the thermal period
because of the ''thermal barrier' created by evaporation and
condensation. When gravity-driven flow resumes, a large volume
of water contacts canisters, énd flow in the Topopah Spring
unit, and possibly the Calico Hills unit, goes through

fractures.

60. Emplacement of waste in the floor of repository drifts creates
a large thermal gradient across the drifts. Moisture condenses

on the roof and drips onto canisters, accelerating corrosion.

61. Temperature inhomogeneities in the repository lead to localized
accumulation of moisture above it. Wet zones form below the
areas of moisture accumulation. 1In the wet zones, water

velocity is increased, and more water contacts waste packages.

62. A thermal convection cell arises in the saturated zone beneath
the repository. The thermally driven outward water flow in the
upper portion of the tuff aquifer increases ground-water

velocities.
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2.3.5 Canister Movement
The welded Topopah Spring tuff does not flow or strain elastically
to more than 1 percent deformation (EA, Section 6.3.1.3.3). Therefore,

significant canister movement is not expected as a result of thermal

stress.

2.3.6 Local Mechanical Fracturing

Likelihood of occurrence--The EA (Section 6.3.3.2.4) suggests that

there is a possibility of fracturing at the periphery of drifts. The
mechanical stresses imposed by the combination of the mined opening and
thermal expansion would cause this fracturing. Mechanical stresses
induced by high gas pressures in the rock matrix resulting from rapid
vaporization of liquid water very near the waste package might also

potentially cause fracturing.

The same forces, with the thermal expansion playing a relatively
greater role, could also fracture rock immediately around waste

canisters; such fracturing is discussed in Section 2.3.2.

Hunter et al. (1983, pp. 70-76) suggest that subsidence into the
void space of a repository located in the Topopah Spring welded tuff unit
could create open fractures extending to the surface. fhe long-term
mechanical calculations described by Johnstone et al. (1984) show that no
fracturing at all will occur between the points 30 meters below the
surface and 30 meters above the repository. However, Johnstone et al.
assumed a particular thermal loading that may not correspond to the final
areal power density used in the repository. It does not appear that the
suggestion of Hunter et al. is credible, but it is suggested that
bounding calculations be performed for completeness to confirm that

subsidence has no significant effect at this site.

Indirect releases--Fracturing would increase the permeability of the

tuff. Because free drainage is a positive factor in the repository
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horizon, and any fractures of this type would adjoin thé far-more-
transmissive unsealed repository drifts, the increases in permeability

would not lead to increased releases of radiocactivity.
Fracturing might also lead to rock falls or rockbursts. If rocks
were to fall or burst from the roof or wall of a drift and strike a

canister, the canister might be punctured.

. Sequences to be considered--The following sequence requires further

consideration:

63. Rockbursts propel rocks into waste packages and puncture the

canisters.

2.3.7 Corrosion

Likelihood of occurrence--Dayal et al. (1982) define and describe

various corrosion mechanisms; readers should refer to that report for
background information. McCright et al. (1983) describe potential
corrosion mechanisms for canisters in an unsaturated repository at Yucca

Mountain.

Current estimates of canister lifetime are based on uniform
corrosion (Sinnock et al., 1984). Uniform wet corrosion may be expected
on any parts of the canister that are exposed to liquid water. Dry
corrosion will occur on the canister where it is exposed to air.

The potential for nonuniform corrosion of canisters at Yucca
Mountain has not yet been fully evaluated (EA, Section 6.4.2.2), but it
is such corrosion that is of concern in evaluating the potential for
canister failure. Two general classes of corrosion are possible for the
canister materials under consideration at Yucca Mountain: corrosion
accelerated by sensitization of the metal, and corrosion promoted by

high-ionic-strength waters.

Canister metals could be sensitized by heating at elevated

temperatures over long periods of time in the repository.
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Although the waters of the repository horizon are generally of low
salinity, water dripping onto a hot canister could evaporate, leading to
a buildup of various ions at corrosion sites. Corrosion by mechanisms
requiring various promoter ions could ensue, even though the natural

waters would not be corrosive.

NRC (1985, p. 105) argues that there is a strong potential for
stress-corrosion cracking of the currently preferred canister material,
Type 304L stainless steel, and that other types of localized corrosion
cannot be ruled out. Scenarios involving such corrosion mechanisms must

be considered possible at this time.

Gause and Soo (1985) have reviewed potential corrosion mechanisms
for fuel cladding. The fuel cladding is made of Zircaloy, except for
less than 1 percent of the fuel elements, which are clad in steel.
Cladding may under expected conditions corrode from the inside out, and
high temperatures would accelerate this internal corrosion. Temperature-
accelerated cladding corrosion is discussed in connection with the
possible causes of higher temperatures. Most other mechanisms for
accelerated corrosion of fuel cladding resemble those for canister

materials.

Indirect releases--Erosion corrosion, galvanic corrosion, and

selective leaching are not likely to be important in a repository (Dayal

et al., 1982).

Because the repository horizon is quite dry, most scenarios for the
wetting of canisters, short of flooding of the repository, would probably
lead to wetting only a portion of the canister. Under such c¢ircumstances,
pitting corrosion could well occur if the metal is susceptible to it.

. Even if the bulk of the metal is immune, weld areas might be susceptible

(NRC, 1985).

Stress-corrosion cracking will occur if there is stress, a

susceptible metal, and an appropriate water composition. Canisters might
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(although a considerable rock movement would be required) be stressed by
the surrounding rock mass (see Section 2.3.1), but even if they are not,
residual stresses from fabrication and welding might be sufficient.
Susceptibility might not be detected in the short-term (compared with
repository lifetimes) tests conducted for canister design. Susceptibility
might also be increased by sensitization. High-ionic-strength waters are
most favorable to stress-corrosion cracking; salts could accumulate near
waste canisters by the evapofhtion—based buildup mechanism described
above; and in any case NRC (1985) cites a study showing stress-corrosion
cracking of the proposed canister material in deionized water under gamma

irradiation.

Susceptibility of canister materials to sensitization by long-term
storage ‘at elevated temperatures might not be discovered in the testing
program. Sensitized metals could be subject to stress-corrosion cracking

and intergranular corrosion (McCright et al., 1983).

Because the repository is in the unsaturated zone, relatively little
hydrogen will be formed by radiolysis. What little hydrogen there is
will be able to diffuse away without reaching high concentrations.

Consequently, hydrogen attack on canisters is unlikely.

The main types of corrosion thag could breach Zircaloy fuel cladding
are uniform corrosion, stress-corrosion cracking, and hydriding (Gause
and Soo, 1985). Stress-corrosion cracking would proceed outward from
fission products contacting the inner surface of the fuel rod. (Aqueous
stress-corrosion cracking of Zircaloy from the outside of the rods
requires chloride ions and seems to be of importance only for salt
repositories.) Both stress-corrosion cracking and uniform corrosion
rates are very sensitive to temperature. The limiting factor in
determining the allowable thermal power in a spent fuel package is the
need to minimize cladding rupture by holding fuel temperature below
350° C (Gregg and O'Neal, 1985).
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Less than 1 percent of the fuel rods in a repository will be c¢lad in

stainless steel. This material will corrode in a manner similar to

stainless steel canisters, with details dependent on the particular

steels involved.

Corrosion products may form colloids (Avogadro and de Marsily,

1984).

These colloids might sorb radioelements and transport otherwise

highly retarded species at higher speeds.

Sequences to be considered--The following sequences require further

consideration:

64.

65.

66.

67.

68.

Water drips or wicks onto canisters at specific locations,
leading to buildup of brine deposits on small areas. These

areas are focuses of localized attack.

Water drips or wicks onto canisters at specific locations,
leading to buildup of brine deposits on small areas. The metal
in these areas has been stressed by heat or welding, and stress

corrosion cracking ensues.

The canister material is subject to stress-corrosion cracking,
but the initiation time is too long to be detected in tests. A
welded or heat-affected zone has been stressed. Canisters fail
by this mechanism a few decades after the repository has been

sealed.

Canisters are sensitized by long-term storage at moderately hot
temperatures in the repository. Stress-corrosion cracking (or
perhaps intergranular corrosion) ensues in a stressed welded or

heat-affected zone.

Zircaloy cladding is subject to stress-corrosion cracking at
repository temperatures, but initiation times are too long for
detection in in-reactor service or in the repository testing

progran.
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69. After canister breach, colloids of corrosion products sorb
normally highly retarded radionuclides and carry them away
unretarded by chemical reactions with the rock.

2.3.8 Chemical Reaction of Waste Package With Rock

Likelihood of occurrence--When water is in continuous contact with

both waste packages and rock, chemical reactions are not oniy possible,
but likely.

This section discusses only chemical reactions involving both rock
and waste. Reactions undergone by the rock alone because of the imposed
thermal and mechanical stresses and reactions between rock and repository

construction materials are discussed in Section 2.3.10.

Indirect releases--Dissolved rock minerals in water that is in

contact with spent fuel could react with uranium to form new solid
phases. Uranium would dissolve, liberate the other radionuclides
contained within the matrix, and precipitate in the new phase. The
result would be dissolution of more spent fuel than would be predicted
from the solubility of uranium in the natural waters. If water drips or
flows from rock onto spent fuel, the amount of fuel dissolved would be
limited by the concentration in the water of the material that
precipitates the uranium. If rock movement or emplacement-hole failure
has juxtaposed rock and waste so that water can simultaneously be in
contact with both, then the material precipitating the uranium could be
dissolved continuously from the rock, and the rate of waste dissolution
would be limited only by the kinetics of the various dissolution and

precipitation reactions.

A similar phenomenon is not to be expected with the canister,
because the dissolution of canisters is controlled by kinetics and not
equilibrium solubility. However, dissolved silicon, which may be present
in high concentrations in waters in vitric tuff because the vitric tuff
is in a metastable phase, promotes corrosion of Zircaloy fuel cladding

(Gause and Soo, 1985).

~73-



Radioactive colloids might form either by coprec¢ipitation of
elements from both rock and waste or by adsorption of radioelements to
colloids formed by alteration of the rock under the thermal, mechanical,
and chemical stresses imposed by waste emplacement (Avogadro and de
Marsily, 1984). Colloids might also be formed of waste elements
themselves, when contaminated waters move into areas of lower temperature

and therefore lesser solubility.

The size of americium colloids was measured to be large enough for
most of them to be filtered out by the tuff under conditions of
unsaturated matrix flow in the Topopah Spring unit.(EA, Section
6.3.1.2.3). However, this filtration might not operate if fractures are
saturated (NRC, 1985, p. 73). Also, colloids formed from natural
materials or other waste constituents might have a different size

distribution.

Sequences to be considered--The following sequences require further

consideration:

70. Water dripping or running over waste contains ions that
precipitate uranium. The precipitation reaction removes
uranium from solution and inecreases the rate of fuel
dissolution above what would be predicted from the equilibrium

solubility of uranium.

71. Waste and rock are placed in close juxtaposition by mechanical
failure of emplacement holes or drifts, or by small movements.
on faults. Water stands or runs in continuous contact with
both. Reactions between uranium and rock minerals precipitate
uranium, leading to relatively rapid dissolution of the spent
fuel because the reaction is no longer constrained by the

equilibrium solubility of uranium.

72. The high dissolved-silica content of natural waters entering

the repository causes rapid corrosion of Zircaloy fuel cladding.
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73. Colloids are formed from the rock by. alteration-under thermal,
mechanical, and chemical stresses imposed by the répository.
Normally well-retarded radioelements such as plutonium and
americium sorb to the colloids and are transported with little

or no retardation.

74. Waste-contaminated water reacts with rock, and colloid phases
of minerals containing radioelements are formed by
coprecipitation. These colloids are transported with little or

no retardation.
2.3.9 Gas Generation

Gas generation is not a concern at an unsaturated repository because
the waste is expected to be in contact with air. The pressure of any gas
that is generated can easily be relieved within a relatively short
distance by mass flow of the air through the fractures in the rock

surrounding the waste.
2.3.10 Geochemical Alteration

This section discusses chemical reactions that are stimulated by the
repository's heat and mechanical effects but involve only natural
materials as reactants. Reactions in which both rocks and waste are

reactants are treated in Section 2.3.8.

' Likelihood of occurrence--Some geochemical alteration is likely

under the influence of the thermal and mechanical stresses imposed on
rocks around a repository. Most likely are (1) zeolite alteration
reactions and (2) precipitatidn and fedissolution of salts from water

that evaporates near the repository during the thermal period.

Indirect releases--Hydrated zeolite minerals around a repository

would release water if heated:sufficiently. If enough water were freed

by this mechanism, canister corrosion could be accelerated, and flow
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through fractures could occur. This does not lead to release, because
during the period when rocks near the repository are being heated, the
canisters are at a temperature above 100° C. The water is vaporized, and
liquid water does not contact them. When the rocks near the repository

cool, no water of hydration is being released.

Heat can also cause dehydration and alteration of minerals to less
sorptive phases (Smyth, 1982; NRC, 1985, pp. 73-75). Even though only
small amounts of sorptive clays and zeolites might be present, their
relatively high sorptivity and concentration along fractures could make
them major influences on geochemical retardation. Their alteration could

significantly increase the rate of migration of dissolved radioactivity.

Clay or zeolite minerals produced by thermal alteration might clog
pores. When the repository cooled and normal moisture fluxes resumed,
flow could be diverted into fractures. However, experiments by Byerlee
et al. (1983) suggest that tuff, unlike granite, does not have its
permeability reduced by precipitation of minerals from water flowing into
a cooler region, because of the large initial pore and vug spaces.
Byerlee et al. do suggest that cement grouts or backfills might provide a

source for greater quantities of fracture-filling precipitates.

The experiments of Byerlee et al. were conducted under saturated
conditions, and therefore cannot be used directly for quantitative
estimates of pore plugging. Braithwaite and Nimick (1984) calculate pore
plugging under unsaturated conditions at Yucca Mountain. They assume
that each unit of infiltrating water can only dissolve silica once, and
they ignore the two-phase recirculation mechanism discussed in
Section 2.3.4. Further calculations are necessary before this sequence

can be eliminated from consideration.

As long as the repository remains sufficiently dry, water will not
enter fractures, and downward-moving water will remain in the rock
matrix. The water will dissolve minerals where it condenses and deposit

them where it evaporates. The result could be a transfer of soluble

~76—



minerals to the areas of evaporation, possibly resulting in the plugging
of pores. When the temperature transient dies off and gravity-driven
flow again becomes dominant, the rock matrix just above and below the
repository might have much lower effective hydraulic conductivity, and

flow might be diverted into fractures, significantly reducing flow times.

When flow resumes near the repository, precipitated salts would
presumably redissolve. Concentrated, corrosive brines could be produced
(NRC, 1985, p. 8). The redissolution might lead to an increase in matrix
permeability sufficient to end fracture flow. Alternatively, water might
not be able to reach many of the plugged pores, so that the salinity of

the water would decline more rapidly and fracture flow would continue.

Precipitates might also plug fractures. 1If conditions are such that
fracture flow occurs under natural conditions, flow after the thermal
pulse ends could still be forced into larger-aperture fractures. The

percolation velocity would thus be increased.

Another possible sequence of events is the depletion of waters
passing through a hot repository in calcite, due to the declining
solubility of calcite with rising temperature. When these waters reach
the cooler rocks below the repository, they could dissolve out any
calcite veins they might contain. (Calcite veins exist in the Paintbrush
nonwelded unit, and might be found in the Calico Hills nonwelded unit as
well.) The resulting open fissures, perhaps cleansed of insoluble
residue by a piping effect, might be a pathway for fracture flow through
the Calico Hills.

Hunter et al. (1983) discuss at length the possible loss of
mechanical strength by rocks around a repository as a result of
dehydration and rehydration as temperatures change. The Topopah Spring
unit around the repository has a low content of zeolites that would be
subject to these reactions; its mechanical strength comes from unaltered
volcanic rock. Consequently, as Hunter et al. recognize, this phenomenon

is not relevant to a repository located in the Topopah Spring.
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Sequences to be considered--The following sequences require further

consideration:

75.

76.

77.

78.

79.

During the period of heating of rocks around the repository,
minerals adjacent to the residual water-bearing pores are
altered to clays. When the repository cools and a normal
moisture flux resumes, these clays clog the pores, and water

flows through fractures.

During the period of heating of rocks around the repository,
zeolite minerals in fracture fillings are altered to less
sorptive phases. This reduces geochemical retardation in the

Topopah Spring welded unit.

Waters moving away from the hot region around the repository
precipitate minerals derived from dissolved counstituents of
tuff and cements used in repository construction. These
minerals clog pores, and divert subsequent flows through

fractures.

Evaporation of ground-water in the hot zone near the repository
horizon leaves precipitates that plug pores. As a result, when
gravity-driven flow resumes, water near the repository is
diverted into fractures. 1Initially, there is a pulse of
corrosive brine due to redissolution of precipitates; but not
all precipitates redissolve. The pores remain clogged, and

fracture flow continues.

Tvaporation of ground-water in the hot zone near the repository
horizon leaves precipitates. When gravity-driven flow resumes,
the precipitates redissolve, and after a short period of
fracture flow the flow returns to the matrix. There is a
considerable period of flow of corrosive brines with elevated

dissolved solids.
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. 80. There is fracture flow in the Topopah Spring welded unit even
under undisturbed conditions. Chemical reactions induced by
repository heat plug smaller-aperture fractures. After the
thermal pulse ends, peréolation is diverted into larger

fractures, increasing its velocity.

81. Water passing through the warm region around the repository is
depleted of calcite by temperature-induced precipitation.
Below the éepository, £he.calcite-poor water dissolves out
calcite veins in the Calico Hills nonwelded unit and creates-

pathways for rapid movement through it.
2.3.11 Radiological Changes in Material Properties

.Radiation is known to change mechanical and chemical kinetic
properties of solid materials. The general effect is to increase the
rates of chemical reactions and reduce plasticity and mechanical
strength. The consequence could be an acceleration of any of the
mechanisms of waste- and repository-induced release. Therefore,
radiological changes in material properties are not discussed as
initiating a separate class of release sequences, but must be taken into

account in assessing the likelihood of the other sequences.
2.3.12 Radiolysis .

Radiolysis will produce some oxidants and nitric acid in water near
the waste canisters. Because the repository will not be saturated, the
radiolytically produced gases will not cause any increase in pressure and
will be able to freely diffuse away. Consequently, radiolytic gas

generation will not create new pathways for waste release.

Radiolysis will alter the chemistry of waters near the waste. This
needs to be taken into account in assessing rates of canister corrosion
and waste dissolution in various sequences, but does not in itself

constitute a different sequence.
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2.3.13 Decay-Product Gas Generation

Decay-product gases will accumulate inside canisters until the
canisters are breached. The pressure of these gases may put additional
mechanical stress on the canisters, but they will presumably be designed
to withstand this stress under expected conditions. 1In assessing
scenarios in which external stresses are imposed on canisters, the
internal gas pressure (due to both heating and decay-product gases) must
be considered in calculating failure loads, but it does not constitute an

independent failure mode.

Once they have escaped from waste canisters, decay-product gases
will have effects similar to radiolytically produced gases. For reasons
discussed in Chapter 1, their escape directly to the surface is not
credible. They must be taken into acéount in assessing other scenarios

but do not in themselves create a new mechanism for release.
2.3.14 Nuclear Criticality

Likelihood of occurrence--Criticality can occur in a spent-fuel

canister only if the canister is loaded with fuel with pgreater than
expected (more than about 1.5 percent by weight) content of uranium-235.
Even then, criticality requires flooding of the canister with water,
disintegration of the frame or fuel rods, and collapse of the spent fuel

into a dense pile (0'Neal et al., 1984).

Otherwise, criticality can occur only if fissile nuclides are
transported out of the canisters and concentrated at some other place.
The most plausible way for this to happen is for plutonium (or perhaps
americium) to dissolve in the oxidizing atmosphere of the repository and
precipitate where the redox conditions of the ground-water change.
Accumulation of plutonium at a highly sorptive zeolite seam is also
conceivable. Over time, a critical mass of plutonium, which is much less
than a critical mass of uranium because the fissile isotopes are a much
higher proportion of the plutonium, might accumulate, in a manner similar

to the formation of uranium deposits in sandstones.
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This sequence presupposes breaching of canisters and dissolution of
substantial amounts of plutonium, which is unlikely in itself. The
chemical mechanisms for concentrating the plutonium are also unlikely.
The redox mechanism requires that the plutonium-bearing waters not be
excessively diluted in the tuff aquifer and that a small, well-
delineated, reducing zone exist, the genesis of which is difficult to see
in old volcanic rocks like those that make up Yucca Mountain. The
sorption mechanism requires a éeolite with high exchange capacity that
preferentially sorbs piutoﬁium from water with many other constituents,

many of them neutron poisons.

Direct releases--Because of the gradual accumulation of fissile

nuclides and the presence of neutron-emitting isotopes of the same
elements, an explosive criticality that would lead to direct releases is

not credible.

Indirect releases--Criticality within a waste canister requires

flooding with water, and therefore is only possible at temperatures below
95° €. Heating to this temperature would boil off the water that
moderates the reaction and cause it to cease. Consequently, the maximum
effect is heating to 95° C, which the repository is designed to

acconmodate.

Accumulation of plutonium on a sorbing zeolite seam could occur in
the unsaturated zone. Either fast or slow criticality might be
possible. The zone of criticality would constitute a heat source and
thus prevent ingress of additional plutonium-bearing water during the
period of criticality. Consequently, the heating would be self-
limiting. Because of the lack of liquid water moving out of a heated
zone in the unsaturated zone (Section 2.3.4 above), this would alter the
inventory of radionuclides somewhat but would not lead to a new mechanism

of release.

Below the water table, the‘ﬁresence of water makes only slow
criticality plausible. The heat might well create a convective
circulation cell. The convective cell might bring radiocactivity down to

the underlying carbonate aquifer, through which it could flow more .
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rapidly to discharge points. However, we have shown so many necessary
antecedents to be unlikely that the scenario may be disregarded as not
being credible.

2.3.15 Microbial Activity

Likelihood of occurrence--West and McKinley (1984) and West et

al. (1985) have shown that it is reasonable to expect some microbial
growth in a deep-mined repository. The amount of such growth and the

identity of the species to be expected are not well defined.

Microbes in a repository can be either naturally present in the host
rock formation or introduced by repository construction or operation.
The sources are difficult to distinguish (West et al., 1985), so all

microbial effects will be discussed here.

Indirect releases--Mechanisms by which microbial activity could

affect repository performance are listed by West and McKinley (1984) and
West et al. (1985). Of the mechanisms listed by these authors, microbial
deterioration of concrete, bentonite, and other materials used in the
repository is of no concern here because an unsaturated-zone repository
will not rely on the integrity of backfills or penetration seals for

long-term safety.

Bacteria could accelerate corrosion of canisters or cladding by
physically discupting protective oxide coatings or by directly catalyzing

corrosion reactions.

Sorption of nuclides onto microorganisms, or uptake and
incorporation into the microorganisms, might accelerate waste
dissolution. It could also make chemical sorption and matrix diffusion
ineffective in retarding nuclide transport. West and McKinley also
suggest that radionuclides could be transported by motile microorganisms,

but this seems very unlikely in the dry conditions of Yucca Mountain.

West et al. suggest that microbes might alter ground-water

chemistry. Such alterations are no doubt possible. However, they are
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unlikely to bring the water outside the range of situations already == = 7
anticipated in the hydrothermal conditions of -the period after repository
closure. Therefore, no additional sequences should arise from this

source.

Sequences to be considered--The following sequences require further

consideration:
82. Microbial activity accelerates canister corrosion.
- . ¢ __s i . .
83. Microbial activity accelerates cladding corrosion.
84, Radionuclides are incorporated into microorganisms or sorbed on
their surfaces. As a result, waste dissolution is
accelerated. The nuclides taken up by microorganisms move at

the velocity of ground-water, unaffected by chemical sorption

or matrix diffusion.
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3 SEQUENCES AND SCENARIOS

A repository at Yucca Mountain would have multiple barriers to
release of radioactivity--the waste canister, fuel cladding, the
resistance to dissolution of the spent fuel itself, and movement of -
released contaminants in three different hydrogeologic units: the
unsaturated Topopah Spring welded unit, the unsaturated Calico Hills
nonwelded unit, and the saturated tuff aquifer. Most of the disruptive
sequences would affect only one or a few of the barriers. (Direct-
release scenarios such as volcanic eruption and drilling are
exceptions.) Béfore significant amounts of radioactivity can be

released, all, or nearly all, of the barriers must be overcome.

In Chapter 2, 84 different sequences of disruptive events and
processes with the potential of leading to releases of radiocactivity were
identified. Each of these sequences involves events and processes
proceeding from a single cause. As it is possible that more than one of
these causes might operate simultaneously, a very large number of

scenarios could be constructed by combining the B4 sequences.

As is usual in studies of this type, sequences prbceeding from
several different causes often lead to very similar results. For
example, many sequences lead to a localized zone of higher flux through
the Topopah Spring welded unit. The consequences of such sequences are
similar, and so they are typically addressed together in performance

assessments.

In this chapter, the performance of each barrier under undisturbed
conditions is described, and the failure sequences that affect the
performance of that barrier are identified by number and classified. For
convenience in reading these discussions, Appendix A lists all the

sequences in numerical order.

The importance of the failure sequences rests not on their

consequences considered in isolation, but on whether several failure
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modes operating at the -same ‘time can together overcome all- the barriers
so as to produce large releases. Therefore, Chapter 4 addresses each
type of barrier failure and determines what additional failures are
needed to cause release. It then identifies the scenarios, most of which
are combinations of several failure sequences, that have the potential
for leading to release of more than 100 curies of radioactivity. It is
these scenarios that, it is suggested, require further analysis in the

rerformance-assessment program.

3.1 Satﬁfated Zone

In the preliminary performance assessments described in the
Environmental Assessment (Sections 6.3.1.1.5 and 6.4.2.2.2.), the
seturated zone was found to have relatively rapid ground-water flow and
to make a negligible contribution to performance. Flow times along a
10-kilometer path in the saturated zone, calculated with an effective
fracture porosity of 0.002, range from 200 to 2000 years (Sinnock et al.,
1984). However, this conclusion rests on (a) use of a baseline scenario
in which all flow in the unsaturated zone is through the rock matrix and
(b) pessimistic assumptions about the hydraulic properties of the
saturated zone. The argument that ground-water is moving much more
slowly than assumed by the EA is supported by Claassen's (1983)
interpretation of the geochemical data, suggesting that water has moved

little since recharge events 10,000. years ago.

Furthermore, the matrix porosity of the saturated units is much
larger than their fracture porosity, and so matrix diffusion (sometimes
referred to as "physical retardation'") can be expected to introduce an
additional delay not included in the ground-water travel times. The
delay factor of 100 suggested by Sinnock et al. is a reasonable upper
bound on the effect of matrix diffusion, as the delay factor cannot
exceed the ratio of total to fracture porosity. A delay approaching this
magnitude would cause travel times to exceed 10,000 years, even with the'

most pessimistic estimates of water velocities.

Also, sorption will significantly delay most species in this zone.
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These considerations suggest that after site characterization, the
saturated zone could be found to act as a significant barrier to
radionuclide migration. Delay times might be sufficient to yield
acceptable performance in the event of rapid fracture flow through the
unsaturated zone. Scenarios involving degraded performance of the

saturated-zone flow system ought therefore to be considered here.

Some sequences (4, 16, and 50, which flood the repository, and 33
and 36, which do not) lead to creation of new ground-water discharge
points closer to the repository. Such an event might reduce the distance
to the accessible environment by a factor of 2, 3, or more and would

correspondingly reduce the travel time through the saturated zone.

A variety of sequences (3, 7, 17, 22, 34? 35, 37, 51, and 62, which
do not cdause the water table to rise significantly, 2, 15, and 49, which
do cause the water table to rise, and the flooding sequences mentioned in
the previous paragraph) lead to faster flow in the saturated system,
usually because of increased hydraulic gradients. Properties of the
saturated flow system that might cause it to have slow flow have not yet
been defined, and so specific analyses of these sequences are not

possible at this time.

A third group of sequences (69, 73, 74, and 84) involve formation of
radioactive colloids (or microbes). Colloidal particles might be
retarded by geochemical interactions with rocks much less than dissolved
radioactive species are. 1In this way, formation of colloids could
increase migration velocities in all three zones for ground-water
movement. If the time required for moisture to move through the
unsaturated zone is reduced below 10,000 years by some other cause,
formation of colloids might lead to release of elements present in large
quantities (such as plutonium and americium) whose release would

otherwise be prevented by chemical retardation and matrix diffusion.
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3.2 cCalico Hills Nonwelded Tuff Unit

Montazer and Wilson (1984) identify two principal hydrogeologic
units in the volume between the proposed repository level and the water
‘table: the Topopah Spring welded unit and the Calico Hills nonwelded
unit. The properties of these units differ sufficiently that different
causes are often needed to reduce their effectiveness as barriers, and so

they are treated separately here.

The lower of the two unsaturated-zone units, the Calico Hills
nonwelded unit, is.composed of two subunits referred to as the zeolitic
and vitric facies. The vitric facies has a higher matrix permeability
and is less fractured than the Topopah Spring unit. The zeolitic facies
has a low matrix permeability, perhaps comparable to the Topopah Spring
matrix permeability, and has a discontinuous fracture system (Montazer
and Wilson, 1984). Consequently, fracture flow is less likely to occur
in the Calico Hills than in the Topopah Spring unit under both present

and possible future conditions, assuming both units remain unsaturated.

The geometric mean of measured matrix hydraulic conductivities in
the zeolitic facies of the Calico Hills is about 3 millimeters per year,
with effective porosity at least 1.6 percent and probably about
23 percent and saturation about 90 percent (Montazer and Wilson, 1984).
This implies_that flow in the unit is confined to the matrix. Travel
times for a thickness of 50 meters may be computed to range from an
expected 10,000 years for flux of 0.1 millimeter per year and effective
porosity of 23 percent to a very conservative 200 years for flux of

3 millimeters per year and effective porosity of 1.6 percent.
The zeolites of this unit have strongly sorptive properties.
Local alteration of the properties of the Calico Hills unit or of

the hydraulic system around it, as in sequences 6, 20, 21, 23, 53, and

81, might lead to fracture flow in localized areas.
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The unit would be eliminated as an unsaturated-zone barrier
altogether if the water table were to rise above it. This elimination
occurs in sequences 2, 15, and 49, in which the water table does not rise
so high as the repository, and in sequences 4, 16, and 50, which involve

flooding of the repository itself.

3.3 Topopah Spring Welded Tuff Unit

The minimum thickness of the Topopah Spring welded unit below the
repository is just under 50 meters. If there is no fracture flow, the
unit's moisture content of 10 percent and steady-state flux of
0.5 millimeter per year give a water travel time of 10,000 years.
Because the unit has high matrix saturation, water content will vary
little with flux, and travel time will be roughly inversely proportional
to flux. With a less conservative flux of 0.1 millimeter per year,

travel time would be 50,000 years.

It is possible that fracture flow is occurring in the Topopah Spring
under present conditions. Fracture flow would be rapid; Sinnock et al.
(1984) estimate that for a flux of 4 millimeters per year through well-
connected fractures, the time to travel 50 meters would be 10 years.
Thus, the travel time for a flux of 0.1 millimeter per year through
well-connected fractures in the Topopah Spring unit (in addition to
whatever flux is passing through the matrix) would be between 10 and
400 years. These estimates are consistent with Thordarson's (1965)
measurement of 0.8 to 6 years as the age of water perched in fractures in

tuffaceous beds at the somewhat wetter site of Rainier Mesa.

Even if water flows in fractures, dissolved radionuclides could move
more slowly than the water in the fractures because of matrix diffusion.
Experimental evidence is lacking on the effectiveness of matrix diffusion
in an unsaturated medium. Sinnock et al. estimate that if matrix
diffusion operates, unsorbed ccntaminants should move more slowly than
the water velocity in the fracture by a factor of 100 to 400. If this is
the case, contaminant travel times will exceed 10,000 years if the

fracture-flow travel time is more than 25 to 100 years.
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The most numerous failure sequences are those that affect the
Topopah Spring welded tuff unit. Principal among these are sequences
leading to faster movement of ground water through the unit. The
increased water velocity could be due either to a generalized initiation
of fracture flow throughout the:unit (sequences 1, 2, 11, 31, 48, 49, 59,
and 78, in wﬁich the fracture floﬁ is caused by increased flux, and
sequences 43, 47, 75, and 77, in which other physical mechanisms operate)
or to creation of a localized zone of higher flux passing through an area
where canisters are emplaced (sequences 5, 8, 9, 10, 12, 13, 14, 19, 25,
26, 32, 38, 39,'41, 42, 45,.46, 52, 57 and 61). It must be remembered
that significﬁnt fracture flow may already be occurring in the unit, if
the percolation rate is higher than the current best estimate or if the
flux at the site is not as close to steady state as the conceptual model
of Montazer and Wilson (1984) assumes. Sequences 18, 54, and 80 assume
that such is the case and involve increases in the velocity of water

movement in the fractures.

Geochemical retardation in the unit might be reduced, either by
formation of colloids (sequences discussed above) or by thermal
- alteration of sorbing minerals (sequence 76). And, of course, if the
repository were flooded by a rise in the water table, there would no

longer be an unsaturated-zone barrier.
3.4 Canisters

As long as uniform corrosion is the mode of canister corrosion, the
lifetime of the canisters is estimated at 3000 to 30,000 years (EA
Section 6.4.2.2.1).

The simplest mechanism thét would accelerate canister corrosion is
an increase in the amount of water flowing past the canisters. This
could follow from either a generalized increase in the amount of water
percolating through the Topopah Spring unit (sequences 1, 2, 11, 31, 48,
49, 59, and 78) or formation of a localized wet region (any of the

sequences of this type listed in the previous section). The sequences in

-89



which the repository is flooded are, of course, extreme examples of this
phenomenon. It should be noted, however, that measurements of corrosion
rates are based on extensive wetting of the metal (McCright et al.,

1983). Therefore greater wetting of canisters than suggested by current
hydrologic models would in itself probably not cause corrosion to proceed

significantly faster than the tests indicate.
A variety of physical and chemical changes in the waste package or
its environment could initiate faster localized corrosion mechanisms.

Sequences 27, 29, 55, 58, 60, 64, 65, 66, 67, 79, and 82 are of this type.

Sequences 12, 30, 56, and 63 involve mechanical breakage of

canisters.

3.5 Fuel Cladding

More than 99 percent of fuel rods are clad in Zircaloy; the
remainder are clad in stainless steel. Most cladding will be intact at
waste emplacement; for boiling water reactors, only between 0.01 percent
and 1 percent will have failed (EA, Section 6.4.2.2.2). Evidence to date
indicates that the time to penetration of the remaining rods will be at
least 300 years, and possibly much longer (Gause and Soco, 1985). Some
radioactivity is present on the outside of the rods, due in part to
activation of crud; cladding will not be a barrier to the release of this

contamination.

In general, sequences involving increased water flux through the
repository will accelerate corrosion of cladding as well as canisters.
Such sequences are those involving increased percolation through the
Topopah Spring unit (described in the preceding section) and sequences
27, 58, and 60, which put increased moisture in contact with the waste
package without increasing the flux through the geologic unit. Because
corrosion from inside the fuel rods rather than from the outside
environment may be the limiting factor in cladding performance, it is not
certain whether this would shorten cladding life. Furthermore, the

limited data on cladding corrosion are mostly based on complete wetting.
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Sequences 68, 72, and 83 involve mechanisms that accelerate the rate
of - cladding corrosion. Elevated temperatures can also accelerate
cladding failure (Gregg and O'Neal, 1983); sequences 27 and 28 are of
this type.

Forces causing mechanical breakage of canisters (sequences listed in

the previous section) would probably lead to breakage of cladding as well.

The EA (Section 6.4.2.2.2) explicitly neglects the effect of
zirconium fuel cladding in preventing leaching of spent fuel. However,
-waste packages are being designed to minimize cladding rupture (Gregg and
O'Neal, 1983), and cladding -could well turn out to play a significant

role in waste-package performance.

3.6 Waste Dissolution

Sinnock et al. (1984) calculate waste-dissolution rates from the
equilibrium solubility of uranium. These dissolution rates depend
linearly on the moisture flux through the unsaturated zone and the
fraction of the water passing through the repository that comes into
contact with waste. For a moisture flux of 0.1 millimeter per year and
0.25 percent of the water contacting waste (the expected value for
vertically emplaced canisters; horizontal emplacement gives a figpure one
order of magnitude higher), the waste’'dissolves at a rate of about 1 part

in 100 billion per year.

How do waste-dissolution rates affect releases to the accessible
environment? Because sorption reactions will probably prevent release of
most waste constituents to the accessible environment within 10,000 years
even in scenarios in which ground water moves enormously faster than
expected, the answer to this question depends on the least retarded
species. Aséuming 70,000 MTU of spent fuel in the repository, the total
inventory of the unretarded nuclides carbon-14 and iodine-129 is about
33,000 curies at 5,000 years. If the waste dissolves at a rate of less

than 1 part per 10 million per year, less than 100 curies of the
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unretarded species will dissolve within 10,000 years. The slightly
retarded technetium-99 has an inventory of about 900,000 curies, so to
prevent dissolution of 100 curies in 10,000 years requires an overall

dissolution rate below 1 part in 100 million per year.

If percolation rate is the only parameter changed in these
calculations, dissolution of 100 curies of technetium would require a
flux of 100 millimeters per year for vertical emplacement and
10 millimeters per year for horizontal emplacement. Dissolution of
100 curies of iodine and carbon would require a flux of 1000 to
10,000 millimeters per year. Fluxes of 100 millimeters per year or more,
averaged over the repository area of several square kilometers, are
unreasonable even after the most extreme climate changes if the

repository remains above the water table.

It should be emphasized that these calculations assume congruent
release of all species from the waste. KBS (1983, p. 11:2) reports that
for a "small fraction” of fuel rods, as much as 30 percent of the iodine
can be leached within a few weeks. The total inventory of iodine is 2310
curies, so nearly 5 percent of it would have to leach quickly to exceed
100 curies. Indeed, even release of the entire iodine inventory would
not violate the EPA standard. We may assume that XBS's "small fraction”
is small enough that the phenomenon may be neglected; if releases as
small as 100 curies are of concern, this assumption will have to be

confirmed by experiment.

Any of the mechanisms discussed in Sections 3.3 and 3.4 that lead to
contact of increased amounts of water with the waste package would tend
to increase waste-dissolution rates. Because performance assessments
such as Sinnock et al. (1984) assume that waste-dissolution rates are
solubility-limited, increases in water flux would change the calculated

waste-dissolution rates.

Chemical reaction mechanisms might also increase the rate of waste
dissolution. Any of the colloid-formation mechanisms discussed in
Section 3.1.1 could have this effect; sequences 70 and 71 involve

additional means of accelerating dissolution.
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.. 3.7 Summary of Sequences Affecting Fach Barrier

The above discussion allows us to list a relatively small number of

types.of barrier failure.  Thesequences: may be classified.as follows,

with sequence 12 falling into two catepories. T

A.

Direct release -~ 24, 40, 44.
Repository flopﬁiugi—,A, 16, 50.

Colloid formation — 69, 73, 74, B4.

N S I S S

Increased water flux through the unsaturated zone - 1, 11, 31,

48. 59, 78. e T Thes e ol L . . Trae

Localized regions of high flux through the repository - 5, 8, 9,
10, 12, 13, 14, 19, 25, 26, 32, 38, 39, 41, 42, 45, 46, 52, 57,
61.

Water diverted toward the waste package - 27, 58, 60.
Accelerated dissolution mechanisms - 70, 71.

Accelerated cladding-corrosion mechanisms - 28, 68, 72, 83.

. 3
N t

Accelerated canister-corrosion mechanisms - 29, 55, 64, 65, 66,
67, 79, 82. Lo :

Canister breakage - 12, 30, 56, 63.

Fracture flow in the Topopah Spring welded unit without

increased moisture flux - 43, 47, 75, 77.

Reduced sorption in the Topopah Spring welded unit - 76.

; =03~
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M. Water-table rise above the Cilico Hills nonwelded unit - 2, 15,
49, ' '

N. Fracture flow in the Calico Hills nonwelded unit - 6, 20, 21,
23, 53, 81.

0. New discharge points - 33, 36.

P. Faster flow in the saturated zone - 3, 7, 17, 22, 34, 35, 37,
51, 62.

Q. Acceleration of pre-existing fracture flow - 18, 54, B80.

The barriers affected by these types of failures may be summarized

llows:

Waste form - A, B, C, D, E, F, G, M.

Cladding - A, B, D, E, F, H, J, M.

Canister - A, B, D, E, F, I, J, M.

Topopah Spring welded tuff unit - A, B, C, D, E, X, L, 4, Q.

Calico Hills nonwelded tuff unit - A, B, C, D, E, M, N.

Saturated tuffs - A, B, C, M, 0, P.
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. 4 .POTENTIAL RELEASE :SCENARIOS: -:

U & S PP L Tr LT .

Hcst of theueisruption sequences identified in Chapter 2 and listed
for convenience in Appendix A do not, in themselves, have the potential
to cause release of 100 curies or more within 10,009£yes;s;3s§q;tional
disruptions affecting other barriers would be needed. The scenarios
analyzed in performance assessments will therefore.usually involve
multiple disruptions. The purpose of this chaptes is to provide a means
of idencify;ng tpe,compinecicnsigf disruptive-squegces4chat§fcrm
potentisl release;scenssiqs:spgdtpsﬁescripe appropriate ways of-.analyzing
them further.‘ |

N ' ' Sd s R '.1_’.‘..-.,)( - ol ‘. ’i’.".' L 1'4'_1_,.

o Each of the 17 classes -of failure sequences identified: in- Chapter 3
1s dxscussed here. First, the barriers that would be affected are
1dent1f1ed Secpng,:pethcgs,fpr;apslyzing.thegsequence]as,part of a
failure scenario are recommended. In some cases, further work on the
sequences’si}ikelipopd_of occurrence is recommended, in the belief it may
be'shown not to be credible,- For most sequences (other than .those that
are,likely tc‘besshown nqc,co,ﬁekcredible), methods -of .consequence-
snelysis are b:iefly,outlined., No -attempt is made to provide a detailed

exposition of performance-assessment methods. . ..

\>fhenpcinc of ﬁhis,eqe;ysis is“to,identify scenarios ‘that would lead
co releases of radioactivity, not to assess compliance with Nuclear
Regulatory Commission standards governing individual barriers. There are
scepasiqs one could imagine in which the ground-water travel time would
éai1 be;cQ 1000 years, canisters would last less than 300:.years, or:waste

dissolution would proceed faster, than 1 part per million.per year, .. -

without causing a significant release of radioactivity to the.accessible

environment.  (For example, if. canisters are .intact for 10,000 years,

. sround-water, hydraulics will not: affect the amount released.) = Such

scenarios are not identified as release scenarios here. The NRC
performance standards govern ground-water travel times only before
repository constructlon,,and waste—package performance only :in the case

of "ant1c1pated processes. and events” (NRC, 1983, 60.113)....It is the EPA
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- disruptive events or processes.

standard (EPA, 1985) gdvefﬁiﬁg'réiéhsés of radioactivity that must be

satisfied both in expected circumstances and after unant1c1pated

4.1 Direct Release

Sequence numbers--24, 40, 44.

Barriers affected--These' Séquences bypass all barriers; no

.- additional disruptions or’ failures are needed to cause release.

Methods of analysis--volcanoes--Volcanic eruption (sequence 24) is

the disruptive' scenario at Yucca Hountain'that"héézbeen most intensively
analyzed to date. ‘Methods for’ analyzlng its probabxlxty (Ccowe et al.,
1982) and consequences (Logen et al., 1982) are already well establlshed
The final EPA regulations set the cutoff probébflity below which
scenarios may be ignored at 0.0001 in 10,000 years. Published

probability calculations are based on a range of assumptions about what

_geographic area and time period should be used to calculate a rate of

eruption. Only the more pessimistic assumptions yield probabilities of

disruption above 0.0001. Further analysis of the geologic controls on

Great Basin volcanism might show that these assumptions are inappropriate.
The amount of radioactivity released in a volcanic eruption is

calculated by assuming that all waste in a volume equal to the volume of

. feeder dikes seen at old volcanoes is erupted (Logan et al., 1982). As

Logan et al. point out, volcanic rocks typically incorporate much less
country rock than would be prédicted from this assumption. Further study
of the geology of volcanoes might show that a much smaller volume of
waste would be incorporated in magma, allowing a concomitant reduction in

the calculated release of radioactivity.

. Methods of analysis—-inadvertent removal by miners or -

drillers--Scenarios in which waste is brought to the surface as drilling
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or mining waste . (sequences 40 and 44) rest on a; serles of questxonable
hypotheses about further actions by societies and 1nd1V1duals (Koplik et
al., 1982). ) e e -

The most recent calculatxon of thelr probab111ty, a treatment of
dr1ll1ng by Smlth et al (1982), 1s no more sat1sfying than any of .the
- earlier computat1ons cr1t1cxzed by Kopl1k et al. Sm1th et al..
'hypothesxze that knowledge of a rep051tory s ex1stence .and of the dack of

“mineral’ resources at the disposal site would be reforgotten every

s‘a,

50 years.! At a salt sxte, this would lead to 1mmed1ate drzll1ng, giving

IR S PSS I

an 1ntrusxon frequency of 0 02 per year. The assumption made here, that

drilling rates 1n salt W1ll cont1nue 1ndef1n1tely at the ‘high levels

.1 fv~!.':"

associated wlth an o11—based economy, seems, unlxkely However, Smith et

1al proceed to assert that dr1111ng frequencxes would be the same in -
10 SRR ¢ DENE

shale as in salt and less by a factor of at least .2 in basalt.and 10 in
granite because basalt and granite are less likely to contain useful

resources. The salt drlllxng frequency of 0 02 ‘per year is dxvxded by

I

these factors to obta1n the dr1111ng rate 1n the other media. Because

[ a4

the salt frequency 1s based on the rate of forgettlng rather than on the

- [

attract1on of the salt as an exploratlon target the logic used ‘to .

calculate dr1111ng rates in other med1a seems dubxous

PETE P
,_,.-fr.' ; ¥} LD

IERYS - 4

In our oplnxon, 1t 1s not reasonable to try to _calculate numerical

probab1lzt1es for scenarlos 1nvolv1ng accldental human intrusions of: thls
O

sort A more approprxate waylto handle them 1s to. .prepare a: narrative -

laylng out the events that must occur before waste is released in an ...
uncontrolled manner, g1v1ng reasons for thxnklng each of. them likely.or.
Sy »"1

"unllkely DOE NRC and the 1nterested publlc can then form their own

opxnxons as to whether the scenarxos should be a matter of concern. :This

sort of nonnumer;cal Judgment 1s made regularly by courts that decide
PN Yt""!i"' - .

whether somethxng has been proven“"beyond a reasonable doubt.? .If sthe

As.n- w»r P

‘EPA (1985) regulatlon 1s to be 1nterpreted as requ1r1ng K3 numerical
calculat1on of the probab111ty of these scenarios, 1t Will be difficult .

to determine whether any site meets it.
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4.2  Respository Flooding

. Sequence numbers--4, 16, 50.

Barriers affected—-Flood1ng of the reposztory would lead to

accelerated waste dissolution and would e11m1nate the unsaturated zone as
a barrier. 1In sequences 4 and’ 50, it would be associated w1th a wetter
climate and so with faster water movement in the saturated zone. If the
water table rose much above the repository, new dzscharge po1nts and

shorter paths for contamxnant mxgrat1on might develop

Flooding would- probably also accelerate corros1on of canxsters and
fuel cladding. Because corrosxon tests 1nvolve extensxve wettlng of the
metals, flooding mxght not cause faster corrosion than assumed in

performance assessments.

Methods of analysis--As stated in section 2.1.1, there is an

excellent chance that further study w1ll show that repos1tory flooding
scenarios are not credible. Analy51s should therefore be directed to the

likelihood and not the consequences of these scenarios.

Natural rises in the water table (sequence 4) are not expected to
exceed those that occurred durlng the Quaternary As dxscussed in
" Section 2.1.1., a variety of eV1dence shows that Quaternary water tables
remained well below the reposztory level The one possxbly discordant
piece of evidence is the’ sprxng ‘and lakebed depos1ts 1n Crater Flat.
Further geological study of these deposxts should be pursued to determine
their age and relat1onsh1p to reglonal water tables other geologxc
-evidence bearing on past ‘water levels should also be analyzed Current
U.S. Geological Survey research on Quaternary cl1mates 1n the Amargosa
Desert area, although not funded by the repository program, will probably
be useful for this purpose (I.J. Winograd, u.s. Geological Survey, oral

communication, 1985).

For climate modification to cause a water-table rise exceeding that

observed during the Quaternary (see Section 2.2.17), the climate over a
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con51derable area would have to become wetter during the next.
10 000 years than it ‘was, at the extreme pluv;v.als.rj This seems extremely

unlikely, but should be pursued Wlth appropriate consultants.

*
3

The 500 foot—plus rise iq\the water table caused by faulting in.
sequence 16 seems inherently implausible. A better characterization of
the ground—water barriers around Yucca Hountain would probably .show it

not tO be cred:.ble. s R e R RS RS TI

4.3 Colloids . . ., . .t . LT tieoweoysifil

Sequence numbers--69, 73, 74,.84. T T L

.Barriers affected--Colloidal particles do not have the same
retarding chemical reactions with rock as dissolved substances, and they
diffuse 1nto the rock matrix much more slowly. than solutes,fif at -all,

In the extreme case, radioactive c01101ds .might .travel with .the same .

speed as ground water through both saturated and unsaturated zones..

. R \ R

. Waste dissolution might be . accelerated by the . same process.as forms
the colloids (sequences 74 and 84). One would not expect a similar
acceleration of corrosion, because corrosion rates are kinetically
controlled rather than equilibrium—limited, and so removal of metal from

solution by c01101d formation :would not drive the reaction faster. .

- - - ot . .. o e e ;.
! RN RS A FEN ' e et - - P : PERPIN

Even 1n the worst .case of, c01101d transport, water travel times and
canister and cladding lifetimes would .still .serve to delay the initial:

release of radioactivity. ., - ...

POIAED SO s -l

Db oo Tilee o i tonoidit GLLLG L Tad ..

Hethods of analysxs--study of. . filtration and chemical retardation -of

colloids in tuff, especially in unsaturated tuff, may make it possible to

eliminate colloids .as_an important mechanism of faster, transport of

radioact1V1ty The literature on colloid migration, as applicable to
radioactive—waste rep031tor1es, 1s summarized by Hunt:.et al.- (1985).-

Some calculations relevant to Yucca,Mountain are presented:by Travis.and
Nuttall (1985). .. . . .. . .o .. o ' N e

[ A L Y
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Particularly useful would be studies of filﬁéétioh in Eb}bbé Elﬁw
through the Caliéd"killé‘uﬁiﬁ’and'ffaétdfézflow:thrdugh the Topopah
Spring unit. To prevent any release within 10;006 years, it would be
sufficient for filtration to slow colloids by some small factor in the

former unit or a large factor in the latter.

The chemistry and physics of colloid formation could also be studied
to bound the quantity of radioactivity that might be carried. Similarly,
chemical constraints on microbial life could be calculated to bound the

possibility of radionuclide uptake by microbes (West et al., 1985).

4.4 Widespread Increase in Percolation

Sequence numbers--1, 11, 31, 48, 59, 78.

Barriers affected--Moisture flux through the repository may increase

as a consequence of climate change, either natural or artificial
(sequences 1 and 48), in response to verf rare precipitation events
(sequence 11), because of irrigation (sequence 31), or as a result of
‘drainage of hot condensate collected above the repository (sequences 59
and 78).

As far as is now known, any increase in percolation might have a
reasonable chance of leading to fracture flow in the Topopah Spring
welded unit. However, fractures do not seem to provide a continuous flow
path in the Calico Hills nonwelded unit (Montazer and Wilson, 1984).
Theéefore, to overcome the barrier represented by the Calico Hills unit,
either the increase in percolation would have to be sufficient to »
saturate the Célico Hills, or an additional event would be needed to

create pathways for fracture flow in the Calico Hills.

Increased percolation rates from whatever cause would tend to
accelerate waste dissolution. In those sequences invbi&ingiclimate
changes or precipitation events, canister and cladding éorrosion may be
accelerated (but perhaps not beyond the values assumed in performance

assessments), and greater regional recharge would tend to increase
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ground—water velocxtxes in the saturated zone.J The ‘Sequences.. involving

condensate are.not assoc1ated with faster ground-water movement in.the

EENE B 45 BRI

' saturated zone but condensate probably has a more corrosive chemistry
than natural waters.
e

" Methods of analys1s-—A three—step process may be used to evaluate

N

these sequences.' One must fxrst assess the 11kely magnitude of  increased

percolat1on.' Next, 1t must be determlned whether percolatxon through the
o ke ATl

Calico Hllls 1s sufflcient to cause saturatlon or, .perching.. Finally,  if

PRI R

these cons1derations do not dzspose of these scenarios, a full-

calculatxon of consequences wxll be requ1red. e : ‘;.- , .

For scenarlos 1nvolv1ng condensate draxnage, the magnitude of
*‘{ncreased - percolatlon may be estimated through numerical modeling studies

estlmatxng the ‘amount of condensate collectxng above a reposxtory. It is

-‘.y""

“not clear whether one—d1mensxonal models w1ll provide an acceptable:upper

bound on the phenomenon, or whether two— or. three- d1men51onal models must

e an

be used, If the latter, ava11ab111ty of adequate models may be a problem.

|
("» T

For scenarxos 1nVOIV1ng cl1mate change, the .best approach.to

‘‘‘‘‘

est1mat1ng the magnltude of future percolatlon is .probably-an indirect -

:one" to fxnd the maxlmum reasonable rise of the water table from
geologic evidence of past water tables and to back-calculate past
recharge rates. The geologxc studzes of past cllmates mentloned in

Section’ 4 2 must be used here

n‘
PG R Sk S

A combxnatlon of these two approaches may be needed to address the
rare prec1p1tat1on event The magn1tude of prec1p1tat10n (or at least of

floodlng) would be est1mated from the geolog1c record and .the effects on
to L ,’fn‘
the unsaturated zone would then be calculated w1th numerxcal models.

M TR foen
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" The xrrxgatlon sequence is perhaps the most dxfflcult to address. - -

LTt D,

One could at least bound the magn1tude of the effect by-assuming that .-
‘
future irrigation practlces wxll use water no less efficiently than

present practices, assuming a rate of infiltration corresponding to the
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worst current practxce throughout the area it would be reasonable to
irrigate, and using a oross—sect1onal numerical unsaturated flow model to

estimate the flux through the reposxtory.

The next step is to determine whether future percolatlon rates will
be sufficient to cause perchlng or saturatxon of the:Callco Hills. For
the climate-change and precxpltat1on event sequences; saturation or
perching can be seen d1rectly from the past water levels. For the
condensate-return sequences, a one—dxmensional penell—and-paper
calculation should give an adequate answer. Two—dlmen31onal numerical

modeling will probably be needed for the irrigation sequence.

If the calculation shows that all effluent from the reposztory still
- reaches the water table by porous flow through the Calxco Hills, the
5000-year-plus time delay for unretarded specles 1mp11es that any element
with a retardation factor of 2 or more will not be released within

- 10,000 years. Release of more'than 100 curies from tﬁe repository is

- still possible, but it will be very difficult to Qlolate the draft EPA
standard. Because the EPA standard allows release of nearly all of the
possibly unretarded elements carbon, technetium, and 1od1ne, nearly
complete leaching of the waste in the first 5000 years is required for it

to be violatead.

If consequence calculations are needed, existing_models will
probably be adequate. Models of corrosion and Qaste dissolution at Yucca
Mountain generally include the percolation rate as a parameter (Sinnock
et.-al., 1984), so no new data or models will be requxred for that part of
the calculation. (Scenar1os in which wastes are contacted by saline
condensate are exceptions to thls observat10n° exper1mental work on
salinity effects on corrosion would be needed to address them fully.) 1In
condensate scenarios, present-day saturated-zone flow velocities could be
used; for climate-change scenarios, the effect of'imcreased regional

recharge on the flow system would have to be considered.
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4.5 Localized Increase in Percolation C e , S
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o Sequence numbers--5, & »,:10, 12, 13, 14, 19,.25, 26, .32, 38, 39,
41 42 45 46 52, 57, 6¥'-;ﬁj P

It

Barriers affected--In these sequences, only a small fraction of the

waste packages is located in a zone of enhanced percolatxon The
enhanced percolation can lead to faster waste dissolution and, perhaps,
corrosion for those packages. This could lead to release of more than

100 curies. However, it is impossible to exceed the release limits in -

the EPA (1985) standard which allow,release,of.nearly‘halfuofathe

carbon, 1odine, and technetium 1n the waste, by failures that affect only

”a small fractzon of the waste packages unless .there is -fracture flow or

saturation in the Calico Hills unit. ... . - - ... - .- . o0

recharge, they w111 not cause the Cal1co Hills unit, to saturate - While

fracture flow through the Calzco Hills unit is possible in the future,

_chere 1s no, eV1dence for sxgnxficant fracture flow now. - Consequently,

for percolation to. lead to scgn1f1cant releases, some future event must

occur to induce local fracture flow through the Calico Hills.

. . 3o PR
1 [ 86 4 I

Locally 1ncreased percolatzon would have no significant effect_on

travel tlmes 1n the saturated .zone.,

Wi

Methods of analysis--Methods. .for calculation.of the consequences of

these scenarios are very similar .to those for scenarios involving general

increases in percolation. - Moisture fluxes must be calculated:from -.

physical models for the initiating causes of -the wet zones. . :

The only addxtlonal factor entering the .calculation is;the area of

lthe wetter Zone, . .The start1ng,po1nt for this.calculation is a:geometric

calculatxon of for example, the ratio .of the cross-sectional areaof

rock fractured by a fault to .the area of the.repository. -In those:cases

where the cause is an event occurring above the repository (sequences 8,

.~103-
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9, 10, 12, 14, 19, 32, 39, 41, 42%-45; 46, and 57); one must 4lso
calculate the lateral spreading of the moisture. This spreading may be-
die to suction forces, lateral dispersion, or both. Such spreading is an
active area of research at the present time (e.g., Yeh et al., 1985a;
1985b; 1985¢). '

4.6 Wetting of Waste Package

Sequence numbers--27, 58, 60.

Barriers affected--These sequences involve ‘accelerated corrosion of

cladding and canisters and faster dissolution of waste packages. Because
there is no change in the amount or spatial distribution of moisture

moving through the system, flow times do not change.

Methods of analysis--It may well be possible to désign and operate

the repository in such a way that these sequences are not credible.’
Consequently, the first task in evaluating them is to enumerate any

design features and'opecatibhal procedures tending to prevent them. With

this information, one.may assess the credibility of the failure sequences.

If the sequences are credible, experimental work will be need to
define their effect on canister corrosion. Sequence 58, in which water
flows out of the rock matrix onto canisters, may turn out to correépond
to the expected conditions of canister corrosion, in which case canister
materials will presumably be tested under corresﬁonding conditions.
However, corrosion under the conditions of sequences 27 and 60, in which
droplets of water fall on a hot canister, could probably be predicted
only by testing it directly.

Waste-dissolution rates’ in these sequences can be predicted from the
models used to predict waste dissolution under expected conditions. The
proportion of total moisture flux that contacts the waste canisters is
one of the parameters in: the model of Sinnock_et al. (1984). One need

oniy increase the value of this parameter.
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4.7. A ccelerated Waste Dlssolutxon e

IR e oo
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Sequence numbers--70, 71. . e L
P A R I S . E .

.- - - -
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- Barr1ers affected——These .Sequences affect only. waste dissolution:

L rm Cly .
1Y Ve

Methods of analysis--Both of these sequences rest on the hypothesis

that there is a solid uranium-bearing phase of the waste-water or rock-
waste-water assemblage that is therncd}namlcall& more stable than the
uranium oxide in the fuel One m1ght test that hypothesxs ‘with.a
geochemical equxlzbrxum calculatlon (probably using a computer model) to
determxne what the stable phases are in the system. One could then study
the k1net1cs of the reactlons 1dent1f1ed by the,equ1l1br1um studies :to
detevm1ne whether uran1um dlssolutxon would:be accelerated.

! Frae
dToni ool P

Alternatlvely, these sequences could be tested by .direct: experiment

with approprlate mxxtures of spent fuel, water, and rock.

Analy91s of these sequences‘vwhlch affect, only the dlssolutlon
barrier, may not be necessary ; A comb1nat10n of failures _of ‘other . v
‘barrxers suffxcxent to make dxssolutxon rates matter. may not be credible.

e gr
.

4.8 Acceleratec'Cladding#gocrosion

.
e S Lr I T

Squence numbers—-28 . 68, 72, 83.

s I
. Cietpels ’

Barrlers affected-—These sequences affect only,the fuel cladding.

Methods of analysis--The likelihood and consequences of: sequences 28
and 72, in which corrosion is accelerated by temperature or water
composition, can be evaluated by laboratory.tests. :The:time required to
run these tests to reach a desired level of confidence might, however, be

too long to be practlcal Tests .gan, also ‘be used to -evaluate sequence
: 'r") ot -
83 in wh1ch corrosmon 1s accelerated by microbialc act10n° however,: these

DGR OUEE S £ .

tests are more dszlcult to plan because the microbial ;species involved-

<

must flrst be 1dent1f1ed



Sequence 68, iﬁvolving‘stress—cbbfoéibn crackihg,'faiées'a difficult
issue. Dayal et al. (1982) point out that in some cases tests lasting as
long as several weeks have been totally inadequate to?determine the
resistance of metals to cracking. Additional research will be needed on
this subject if repository safety must rely on the resistance of metals

to stress-corrosion cracking.

4.9 Accelerated Canister Corrosion

Sequence numbers--29, 55, 64, 65, 66, 67, 79, 82,

~Barriers affected--Most of these sequences affect only the

canisters. Sequence 79,'bésed on flow of corrosi&é, ﬁigh—salihity
condensates, also affects the flow in the unsaturaﬁed zone. The effect
on the flow barriers of this sequence is similar to, but less long-lived

than, that of sequence 78, which is discussed in Section 4.4.

Methods of analysis--The effects of these sequences on canister

performance can only be assessed through laboratory testing. As
mentioned in the previous section, such testing will be difficult for the
sequences involving stress-corrosion cracking (55, 65, and 66), and the

same may be true for the sequence involving sensitization (67).

Sequence 29, involving defective manufacturing, affects only a
limited number of canisters. An estimate of the maximum number of
canisters that would be affected could probably be obtained from

historical records og failure of similar systems.

4.10 Canister Breakage -

Sequence numbers--12, 30, 56, 63.

.- Barrierg affected--The only barriers affected are the canisters and

cladding. Sequence 12, in which the canisters are broken by fault
movement,; could also create a localized zone of greater moistuce flux,

affecting flow barriers and dissolution rates.
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.. Methods of analysisf7?he,ppnsequence,oﬁ;canistgplprgakage;is‘

immediate. loss of the barrier; therefore, the only aspects of the
sequences- to be investigated.are their.likelihood and the number of
canisters that would be affected.

o

’for_ppggyage by fau;t“gpve@gnt;(sequence'12),,1ikelihoodican-be-
assessed by studying past movement of faults through the repository, ..
taking account of the detailed.geometry of waste emplacement (faulted .
areas maylbe avoided). ,The number.of broken canisters can be estimated
from geometrical considerations if one assumes that the active fault is

no wider than other faults in;the vicinity.. .. - ..

Sequences 30 and 63, in which canisters are broken by accident or by
rockbursts, can be evaluated from historical records of mine accidents
_gnqifromtgperaging experience during site,characterization.-

Sequence 56, involving breakage due to thermal expansion of
surrounding rock, must be assessed ;by .calculating - the -magnitude of rock
movement. Depending on the magnitude of the effect and-on details of
package and hole design, detailed numerical calculations may.not be
necessary. S e

4.11 . Fracture Flow Without Increased Flux

Sequence numbers--43, 47, 75, 77.

L A S

ty e

Barriers affected--Sequences 43 :and 47,:.in which fracture flow is-

caused by drilling-induced changes-in water chemistry, could affect both
the Topopah Spring and Calico Hills units. . Sequences 75 and 77, in which
fracture flow is caused by pore clogging by minerals precipitated during
the thermal period, would affect principally the Topopah Spring; any
portions of the Calico Hills that are within the thermally perturbed zone
might also be affected. Aside from a possible minor increase in the
amount of water contacting the waste package:because of flow.diversion
out of the clogged pores of the rock matrix into fractures, none of these
sequences .would significantly affect other barriers. - - -

o
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Methods of: analysis--If fracture flow occurs, the- fracture—-flow

velocity will have to be used iﬁ'berforméﬁce assessments. Matrix

diffusion might then be important, as discussed above.

The sequences involving drying of pores by surfactants (43 and 47)
have not previously been discussed in the literature. A little
theoretical or practical study may suffice to show them not credible.
Experiments on the behavior of unsaturated tuffs under heating may also

make it possible to rule out the clogging scenarios.

4.12 Reduced Sorption in the Topopah Spring

Sequence number--76.

Barriers affected--The only barrier affected by this sequence is the

Topopah Spring welded unit.

- Methods of analysis--This sequence can be of importance only if

there is fracture flow in the Topopah Spring unit. In the absence of
fracture flow, moisture movement will be so slow that even unretarded
species will not be able to pass through the unit in 10,000 years.
Therefore, any analysis of the sequence should focus on sorption sites in
the fractures and sites adjoining the fractures that are accessible by

matrix diffusion.

One must first identify in the field the specific minerals providing
sorption sites in the fractures and in pores near the fractures. Then
the stability of these minerals must be tested experimentally, using

" fluids that reasonably represent the water-air-steam environment of a

repository.

4.13 Water-Table Rise

Sequence numbers--2, 15, 49,

Barriers affected--If the water table under the repository rises

above the Calico Hills unit, even if it does not rise far into the
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Topopah Spring unit, the contaxnment ab1l1ty of the Ca11co Hllls could be
considerably decreased. The mechan1sm that’ causes the rise of the water

table in sequence 15 also increases the hydraul1c gradxent 1n the

with even a slight rise of the water table 1nto the h1ghly transm1551ve

rr

Topopah Sprxng, “the xncrease in transmx551vxty would raxse ground—water

e

- -velocities ‘without any change ‘in gradient

N "2 . Y. v
- RS - M

ca ,_le
"L'- 1

Water-table rise in 1tself does not s1gn1f1cantly affect the flow

timeiin" the Topopah Sprzng welded un1t However, an 1ncrease 1n recharge

causes the’ water—table rise in’ sequences 2 and 49 Th1s would ra1se the

s .4-—

moisturefluk through the” Topopah ‘Spring and could well 1nduce fracture
flow in that unit. An increased moisture flux would also tend to

accelerate canister corrosxon, claddlng corros1on, and waste dlssolutxon

. . : e H
v ! . (e . . A L. e .

: 'Methods -of analysxs——The fzrst prxorzty 1n determ1n1ng the

likelihood' of these sequences ‘is to measure the saturated vertxcal
hydraulic’ conduct1V1ty of the Cal1co Hllls un1t in sxtu. Geologxcal
studies of the unit- would be extremely usefulxalso if evxdence of past
water-table levels could be” found ' This eV1dence would help determine ;

how large an" ificrease in recharge would be needed to saturate the un1t

I ETINAEIN

Sequence 15 is based on breach of the ground—water barr1er north of
repository by -a fault it does not depend on an 1ncrease of recharge. ‘A

better understanding of the nature of the barrler would be needed to .

DI Oa

-assess its-1likélihood.

. P . i
. . PP L
vt Vol g aa T e - .

PS

Methods - for calculatxng the consequences of scenar1os 1nvolv1ng
water-table rise are 51m11ar to methods for analyz1ng the expected case..
Moisture fluxes and velocities in the Topopah Spring unit can be
calculated by the same methods as 1n the 1ncreased 1nf11trat1on scenarios

sl
discussed -in Section“4.4, “A- three d1mens1onal or cross- sectzonal -ground-

water flow model of the system, W1th recharge or barrler transmsz1v1ty
i

adjusted:to‘reflect the' fa1lure sequence must be used to calculate flow.

.....

velocities in the saturated zone Contamxnant transport could be

computed ‘by the ‘same methods as 1n the expected scenario.

.- e
N SRR I
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4.14 Fracture Flow in the Calico Hills

Sequence numbers--6, 20, 21, 23, 53, 81.

Barriers affected—-Sequences 20, 21, 23, and 81 affect only the

Calico Hills nonwelded unit. §equences 6 and 53 result from an increase

in infiltration, which could affect all the other barriers.

Methods of analysxs--Because most of these sequences affect only a

siﬁgle barrier, it may be Eound that there are no credible scenarios in
which they play an 1mportant role. In that case, they need not be

analyzed further.

The credibility of sequence 81, in which calcite is dissolved from
veins in the Calico Hllls, could be assessed by geochemxcal modeling to
determine whether the moxsture flux passing through the unit during the
thermal period will be suffxclent to dissolve out new flow paths.
Additional data on the veins wéﬁld probably have tao be. collected in the
field for this work. It shbulﬂ be remembered that, even if it occurs,
dissolution of calcite veins will not affect flow times unless the

moisture flux rises above the matrix hydraulic conductivity.

Sequences 6 an& 53, in which a pscched water table forms below the
repository and diverts flow tsward existing fracture zones, can quite
reasonably be expeciéd to occur in the future and may represent a feature
of the present system, as suggested by Montazer and Wilson (1984).
Consequences of these sequences will have to be analyzed by methods
similar to those used for the expected case; indeed, the expected case

may bound them.

The other sequeﬁces involve undetected faults or dikes with low
matrix hydraulic conductivity; For these sequences, geometric
constraints and two-dlmensional numerical modeling of moisture movement
can be used to determxne the fraction of total flux through the Calico
Hills that moves through the fracpures. The fractures could then be
treated as a separate paraliel pathway in contaminant-migration

calculations.
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4.15 New D1scharge Po1nts

. P30 e e e =0
RS BT AN v SN LD O T

"‘v’_' - - <
LR TURE T PR ) RTINS S AL L S
Sequence numbers---33, 36.

N s . S
[ . e 2%

: FR e . v, "
gl NES

Barrxers affected—-The only barrzer on whlch there would be a d1rect

e T R D T LT

negatlve effect would be the saturated zone.i If the water table d1rectly

v'\/

below the repository is lowered by pumpxng, trarel tlmes in the_
unsaturated zone would increase, which would have a positive effect on
safety. R o -
It should be noted thatlthedflooding seouences discussed in
Section 4 2 can create new d;scharges from the‘regxonal water—table
aqu1fers ) Because the repositor;l;s‘below the level of any potent1al
g dlscharge p01nt much closer than 10 kllometersiaway, any new dxscharges
from the reg1onal water table other than wells 1mply floodxng of the

repository.

Ceeteo : N

Hethods of analysis——Analysxs of floodlng seﬁuences'is:dlscussed in

Sectzon 4 2

s R T IR U B S
: . .
,',‘.a-, y inkal NN

The 1rrzgat10n mechanxsm 1n sequence 33 does not 1nvolve flood1ng of

the rep051tory The olauszblllty of 1rrxgat1on so close to the .

rep051tory should f1rst be 1nvestxgated by evaluatlng the su1tab111ty of

""-.ﬁ l—-

soils at nearby locat1ons for agr1culture. If these areas are suitable
-'z:v-u .. . e

for 1rrxgatxon, flow velocitles should be calculated by 1nsert1ng

approprxate constant dxscharge nodes 1n a two d1mensxonal ground—water

oo .

flow model llke the one developed by Czarneck1 and Waddell (198&) ) These
flow velocities can then be used to calculate contaminant travel txmes in

the same way as for the expected case. L

Tows o {FC U B T A

- . -

e : Pfod g .,‘, T R S T N TS ST TSR Lo

Scenar1os 1nvolv1ng mxnerdewater1ng (sequence 36) requlre that

12 id

contamxnat1on reach ‘the water table by some other mechanlsm by the t1me

[ __”,,Jﬂrw(»\ : _:c‘,,r """
of the mine's operatlon. The probability of such scenarlos is the
PR 4 SIS A
probability that both mine dewatering and the other mechanism wlll
occur. The likelihood of deep m1n1ng can be assessed from resource

evaluations like that by Bell “and Larson (1982) ;

e
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It should be borne in mind that both mxnxns in contam1nated aqu1fers
and use of contamznated ground water for xrr1gatxon are unlikely as long
as the existence of the repository is known. Knowledge of the repository .
is likely to perszst for a long time (Kaplan, 1982), but, as with the
dczllxng scenar1o§ dxacussed in Section 4.1, it is not reasonable to

evaluate the probabxlxty quantztatively

4.16 Faster Saturated Flow

‘Sequence numberg--3, 7, 17, 22, 34, 35, 37, 51, 62.

Barriers affected--Only the saturated zone wxll be affected

directly. Sequences inVOIV1ng rises in the water table also imply faster
flow in the unsaturated zone; they are discussed in Sections 4.2, 4.5,
and 4.13.

Methods of analysis--uethods of calculating ground- water veloc1t1es

in saturated flow systems are well developed Models are already belng
calibrated for the Yucca Mountain flow system (Waddell, 1982; Rice, 1984;
Czarnecki and Waddell, 1984) Changes in recharge, hydraulic conducti-
v1ty, effective porOS1ty, etc ’ whxch are po»ited by these failure
sequences, may be 1nserted dlrectly 1nto these models to calculate flow
velocities for dlfferent scenarxos Assessxng the rellablllty of the
‘calculated velocztles may be a difficult problem, but it rests
essentially on the corcectness of the changed values o§ the hydraulic
parametefa.and‘tﬁe'accufacy of the model as a descriptlon of the current

flow system,

Some of these sequences (3, 22, and 51) would require three-
dimensional flow models even if only a two dimensional model turns out to
be needed for the expected case, Sequence 62, which is based on thermal
convection, would requxre a model 1ncocporat1ng both water flow and heat

transport for a full evaluation.

4.17 Acceleration of Pre-Existing Fracture Flow

Sequence numbers--18, 54, 80.
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Barriers affected--Only the Topopah Spring welded unit will be .-
significantly affected. .-Existing evidence argues strongly that there is

at present no significant fracture flow in the Calico Hills nonwelded

unit. . .. e Cro e o
ik AT O A S

. N,
Wil R

) Methods of analx;;s—-These sequences are -speculative, so:it-is
"dszlcult to estlmate the magnitude of any.velocity.increase. ‘' “‘An upper
begnd.coulq be obtained from .tracer tests;conducted on large’saturated

fractures, adjusted to unit gradient. . With-that velocity, ‘existing

_:models could be used in the, same manner as for other: fracture flow

sequences. V. T B

cem

R R < ) e
g oy
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5 - CONCLUSIONS AND RECOMMENDATIONS

The principal point of this report is to have systematically
delineated the possible mechanisms involving disruptive évents and
processes by which radioactivity might be released over théalong term
from a high-level-waste repository located in unsaturated welded tuff at
Yucca Mountain, Nevada. Such a repository would rely on six different,
although not entirely independent, barriers to prevént e§cape of
radioactivity. These barriers are the waste canister, fuel cladding, the
resistance to dissolution of the spent fuel itself, and movement of
released contaminants in three different hydrogeologic units: the
unsaturated Topopah Spring welded unit, the unsaturated Calico Hills

nonwelded unit, and the saturated tuff aquifer.

The 57 processes and events that might affect a repository included
in a list published by the International Atomic Energy Agency, as well as
one additional process identified more recently, were examined. Eighty-
four different sequences were identified by which these processes and
events could lead to failure of one or more barriers. Sequences that had
similar consequences were grouped; the following 17 categories resulted:

- Direct release

-~ Repository flooding

- Colloid formation

- Increased water flux through the unsaturated zone

- Localized regions of high flux through the repository

- Water diverted toward the waste package

~ Accelerated dissolution mechanisms
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- -Accelerated cladding-corrosion mechanisms . - .

- Accelerated canister-corrosion’ mechanisms .
Swilene ks

- Canister breakage [ ;.. . - colov oo -

o
S TSR A Y o Tl D
L [ ST NN - fan

.= Fracture flow.in the Topopah Spring-welded unit without increased

moisture flux

:~ Reduced sorption in the Topopah-Spring:welded unit

- ~ Ty B O - EE I S ot O T

;= Water-table ;rise above;thé;Calico'Hills'nonwelded-unitff

S | Vi lne s Yoo o o . . .

- Fracture flow-in-the Calico ‘Hills nmonwelded unit , ' .

- New discharge points

. — Faster flow-in the saturated zone -

sy e

v . . -t iae e P
A ¢ Cee Laln TherLni . N
it s -t . ARG KN .t

. .~ Acceleration of-pre-existing fracture flow in the Topopah Spring

welded unit:- - . .. Posae LoD ToE

These categories should;for .the'basis for further work in the

analysis of disruptive-event:and process scenarios.

The amount of redundancy:in-.the:Yucca Mountain repository system is

notable.  Most of -the more:likely barrier-disruption' sequences-affect

only. one.or a few of .the barriers.: The-sequenceés in which little

redundancy is apparent—--principally direct release, saturation of the

Calico Hills unit, and flooding.of the-repository--eithertare very

unlikely .or -require direct human  intrusion into the 'repository. Indeed,
further, analysis -is ilikely ito :show most of -thém:not to be credible.

it e . T R

I S A DA IR RS TIRER AL SRAN S DU

. In.addition .to .the specific recommendations for further’ ‘andlysis
made in Chapter 4, several-general suggestions: .for the future direction
of the Yucca Mountain performance-assessment program:can be ‘fade. These

are the following:

=115~



B b PR T

- The saturated zone has. a considerable potential to provide a

redundant barrier if the unsaturated-flow barriers are disrupted.
If, as is likely, substantial matrix diffusion occurs, the
saturated zone will be quite effective in preventing release of
radioactivity within 10,000 years. Some effort should be devoted
to developing a better understanding of the saturated flow system
during site characterization, and especially to measuring matrix

diffusion.

— More needs to be known about whether radioactive colloids will

play a substantial role in migration of radioactivity away from a
repository. Research on the physics of colloid movement and
filtration effects may be more directly useful in bounding the
importance of colloids than detailed study of the chemistry of

colloid formation.

Localized corrosion mechanisms are much more likely than uniform
corrosion to lead to unacceptable breaches of waste canisters or
cladding. Future research should concentrate on these types of
corrosion. ' Especially needed is work on stress-corrosion cracking

and on corrosion of partially wetted metal surfaces.

More work on the corrosion of fuel cladding may show that the

cladding is a valuable redundant barrcier in the system.

More work on understanding the ex@ént to which the air gap between
the waste packages and the rock impedes water contact with the

waste may show this effect to be a valuable redundant barrier.

Research on the chemical properties of the unsaturated zone should
concentrate on the case in which water flows through fractures.
This emphasis should be retained even if matrix flow is confirmed
as the current mechanism of moisture movement, because matrix flow
in the Yucca Mountain unsaturated zone is so slow that sorption is
not needed to provide acceptable performance unless there is

fracture flow.
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APPENDIX ‘A
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Table of Barrxer—Faxlure Sequences

P _,..'-y e e
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‘i This: append1x consxsts"of a table 11st1ng the barrxer—fazlure

fseﬁuences 1dent1fed in Chapter 2.' Some of the sequence descrlpt1ons are

e e T - [
RISt ooy T o SRR S

......

repository szte 1ncreases the unsaturated water flux through the

R T T O A A

R rep051tory

2. An 1ncrease in recharge due to climate change raises the water
table beneath the reposxtory above the top of the Calico Hills

nonwelded tuff un1t

T DA L , . . L
PR T = co

. bt .
Smes e

3. A h1gher water table short—czrcu1ts a flow barrler in the
saturated zone, chang1ng the pattern of flow.

e’ . PR
ST L e s

.r

4, Regionally hxgher water tables create discharge p01nts closer to
“the - rep051tory, reduc1ng the dlstance to the access1b1e

env1ronment.’ "The rzse 1n the reglonal water table floods the

s v e - .
s pEE i

repository.
‘5,7 ‘Perched water’ develops above the reposxtory, d1vert1ng downward

Do “flow- through “the repos1tor} 1nto local1zed zones.

| oheed T S
R VU TP B gt L .

‘6. S'Perched water develops at’ the base of the Topopah Spr1ng welded

unit. 'Flow through the Cal1co Hzlls un1t 1s d1verted into

RO R fracture ‘Zones' dra1n1ng the perched water table.
(oo Lo Cipe galualofTo :
bt ! OIS VLGt Pt ‘ e
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10.

11.

Stream Erosion

Entrencﬂﬁéhé of tﬁé Amérgbsa ﬁivec at Alkali Flat lowers base

levels and incgeaggs‘regional gradients. Regional hydraulic

relations afe'sﬁch‘that water-table lowering at Yucca Mountain -
is insigﬁificant, but increases in ground-water velocity are

significant.

Beds of intermittent streams now resting on the Tiva Canyon
welded tuff unit erode through to the underlying nonwelded
unit. These washes»fo?m a‘baréier to lateral flow in the Tiva
Canyon ahd divert flow downward. Regions df high flux are

formed below them.
Flooding

Flooding of the washes on Yucca Mountain is a major source of
infiltration, and zones of higher moisture flux exist
permanenﬁly or seasonally below washes. One or more of these

zones is not detected during site characterization.

QOccasional major fléods provide sufficient infiltration to
overcome the capillary barrier that usually diverts flow

laterally, creating temporary wetter-zones beneath the washes.

Most percolation through the deeper unsaturated portions of
Yucca Mountain occurs éollowing major precipitation events whose
recurrence {nterval is tens, hundreds, or thousands of years.
After futu:e events, therg are periods of tens to hundreds of
years dﬁfiﬁg ﬁﬁich percolation through the ugsaturated zone is
increased over tﬁe present relatively dry conditions. Fracture
flow then occurs in the Topopah Spring unit and perhaps other

hydrogeologic units between the repository and the water table.
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12.

13,

14,

e

- e

e

16"

. 4
15.

Faultzng and Seismlclty

Loyl

Hovement of a new or exlstlng fault shears canlsters along the

...-

11ne of the fault.‘ The same fault also creates a "trap" for

v .’A'" e

-----

' m01sture mov1ng laterally through the Tlva Canyon welded unit,

ﬁl\" I3

and so the sheared can1sters are placed in a reg1on of enhanced

downward moxsture flux.

cmeee o LTRSS e oo )

]

e

Fracture dzlatlon along a new or exzstlng fault creates zones of

vt

enhanced permeablllty in the Calxco Hllls and Pa1ntbrush
nonwelded units.' Erosxon of an arroyo at the surface and
increased hydraulxc conduct1v1ty of the Palntbrush unit create a

zone of 1ncreased percolatlon along the fault Moisture moves

through fractures along the fault

,»t -I- .

r,

L J A

The downd1p 51de of a new or exzstlng fault moves up “The fault
thus forms a “trap* for laterally movzng molsture in the Tiva
Canyon welded unit. A new. reglon of enhanced flux through the

Topopah Sprlnglunzt 1s created

Tl s nooo. -

g

-+ . ,,rl R R ‘r ..~.<.' ‘\'

Fracturxng along a newly mobillzed fault creates a permeable
pathway through the flow barr1er'north of the repository block.

The magnltude of the resultlng change in the flow system 1s
’11 i

'suffxclent to raxse the water-table under the repos;tory to the

('l

top of the Callco Hills nonwelded un1t

-

. . ', . r1-~ e e
fytye [ I . - e S
O

As in the preV1ous scenarxo, fault-caused fracturlng breaches
the flow barrier north of the reposxtory block. Flow is blocked

by another barrier, not apparent from the current head
SRIRISTERE T S ol 4 5 %
dzstrlbutxon, and the result1ng rlse 1n water table floods the

“““ oo -' I ST BLARES .

L

‘ rep051tory The water passzng through the repos1tory discharges

through sprxngs in Fortymxle Wash
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17.

18.

19.

20,

21.

22,

Geochemical Changes

Precipitation of zeolites or bfhep minerals in the saturated
zone reduces effective bbrosity without significantly improving

the sorptive properties of the rocks.

Fracture flow occurs in the unsaturated zone at current
percolation rates. Precipitation or alteration of minerals
blocks the small-aperture fractures and diverts the flow into

larger fractures, increasing the water velocity.
Undetected Faults and Shear Zones

A wet zone below a minor fauit throdgh the Tiva Canyon lower
contact escapes detection during repository construction, and

waste is emplaced in it.

An undetected'méjor fault dips béiow the rébository5 The fault
has greater permeability than surrounding unfaulted rock, and
enhanced moisture flow along it passes through the Calico Hills

nonwelded unit in fractures.

An undetected majob fault dips below the repository. Because of
the fcrmatién of fault gouge, matrix. hydraulic conductivity in
the fault is less than the moisture flux, and so moisture flows
through the Calico Hills nonwelded unit along fractures in or
just above the fault.

An undetected fault ﬁrovides a path for water movement from the

tuff aquiféé‘beneéth the western portion of the repository to an

underlying carbonate'aquifer.
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23.

24,

725,

26.

27.

28,

29.

‘well above 95°-C. -~ &

Undetected Dikes - .

o L F ey
Cane e 1 .

An undetected dike passxng through the Cal1co Hxlls nonwelded

- “unit’beneath the’ reposxtory has very low matrlx permeablllty but

fairly high fracture permeability. Ho1sture 1nf11trat1ng along

the dxke moves through fractures.

. it g
[EN .

Extrusive Magmatic Activity
A basaltic volcano erupts through the repository. The volcano
is fed through a d1ke' waste canisters withln the d1ke mix with

the magma, -and’ the1r contents are erupted
© " Faulty Waste Emplacement

Can1sters are placed by mxstake in wet zones.

Drains ‘installed to divert water around canisters are improperly

built or omxtted altogether over some can1sters
AN

- 1 - L. "'1_1"' o PR 2ol
g ‘- - . - .

Canisters are ‘left 1§iﬁ§féﬁithé“fiooé“6% }ébbéitafy’&}ifts.
These canisters have poorer heat removal than those properly
emplaced, “and thelr 1ncreased hor1zonta1 cross section raises
the amount of water they 1ntercept Water drlps on the

-canisters and" corrodes ‘them ‘even wh1le thelr temperatures are

B caiye

PR

Canisters are placed closer together than planned. As a result,
temperatures inside the packages are h1gher than anticipated and

corrosion of fuel’ claddxng is accelerated

Some waste’ canzsters are manufactured so 1mproperly that they

[ . \v’.~

“fail early TR

SIERY: T O S S SR SRt A A S UNEPR R 2

30.

Some waste canisters are punctured or abraded during emplacement.
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31.

32.

33.
34.

3s.

36.

37.

38.

Irrigation

Irrigatioh in Midway Valley increases the moisture flux through

the repository.
Intentional Ground-Water Recharge or Withdrawal

Water is collected in covered cisterns above the repository to

enhance ground-water recharge.

Irrigation wells are drilled in Midway Valley.

Irrigation wells are drilled in Crater Flat or Jackass Flats.
Pumping rates increase in the presently irrigated area around
the town of Amargoéa Valley. The water table is significantly

drawn down, and the hydraulic gradient increases.

Mine dewatéring is carried out directly below the repository.

The saturated zone is eliminated as a barrier.

Large-Scale Alterations of Hydrology
An active manageﬁent scheme is introduced for the Alkali
Flat-Furnace Creek Ranch ground-water basin, by which hydraulic
gradients in the saturated zone beneath the repository are
increased.

Undiscovered Boreholes

A horizontally emplaced waste canister lies in the trace of an

old undiscovefed borehole. Moisture conditions are wetter than

now thought, and water flows in fractures in the old borehole.
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N 39.,,Anfp;dgggpsgggt.in:aiwagh;retains:water after-floods, and

fi

st

cobicnoparnseTh oo Tt T -

, ., .therefore ,is.a source of. enhanced infiltration.. The wet zone

[BA

beneath it is not detected during repository:construction, and

waste is emplaced in it.

A 2SS S

Exploratory Drilling

. ! - - e
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[N

-40.. Exploratory drillers. intercept a waste canister and bring waste

St -

up with the cuttingé. .

41.  Water. introduced.into.the unsaturated:zone.as drilling fluid by

...exploratory.drillers drains downward,:through the:repository.

42. An exploratory borehole creates a pathway. for:preferential flow
through the upper nonwelded unit, and a wetter zone develops
yﬁsﬁpgneggh:in;ghe Topopah -Spring -welded unit.

- T T R SIS £ 5 G R o
. T R R -

43. Surfactants introduced into unsaturated rock by drilling fluids

. shift its characteristic .curve,::draining smaller:pores around

. a-.. +-the borehole. . Water introduced by subsequent infiltration

events acts as though air were the wetting phase and flows

through large pores and fractures.

: e syer oeta o
4. et iey gin .- Resource Mining: . n il
Lanolpont ol o

44, Builders of a mine shaft intercept a waste canister and bring
, radioactive :waste -up:with:the mine waste.: )
T e oagen cTE G ot L oo

PR e T et
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.45. Water, introduced;into the unsaturated zone for mining®above the

repository drains downward through-the repository:. -
46. A mine shaft creates a pathway for preferential flow through the

upper nonwelded unit, and a wetter zone develops beneath in the

Topopah Spring welded unit.
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47,

48,

49.

50.

51.

52.

53.

Surfactants introduced’ into unsaturated rock by drilling fluids
shift its characteristic curve, draining smaller pores around
the mine. Water inifoduced by subsequeﬂt7iﬁfiltration'events
acts as though air were the wetting phase and flows through

large pores and fractures.
Climate Control

An increase in recharge at the repository site due to artificial
climate change increases the unsaturated water flux through the

repository.

An increase in recharge due to climate modification raises the
water table beneath the repository above the“top of the Calico
Hills nonwelded tuff unit and induces fracture flow in the

welded Topopah Spring unit.

Recharge induced by large-scale climate modification raises the

regional water table sufficiently to flood the repository.

A higher water table due to climate modification short-circuits
a flow barrier in the saturated zone, changing the pattern of

flow.

Perched water develops above the repository because of
climate-modification-induced recharge, diverting downward flow

through the repository into localized zones.

An increase in recharge due to climate control causes perched
water to develop at the base of the Topopah Spring welded unit.
Flow through the Calico Hills nonwelded unit is diverted into

fracture zones draining the perched water table.
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Differential Elastic Response to Heatxng .

. A S
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:Thermal expansion closes most fractures near the reposxtory.
Pre-existing fracture percolatzon 1s d1verted into fractures of
larger aperture.

. .o
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:55. ~'Differential - thermal’ expanslon of surroundlng rocks stresses

S6.

-57..

58. .

canisters, ‘leading’ to stress corros:on crackxng.

Differential thermal expanszon of surround1ng rocks creates
stresses that “shéar canisters.

. ¢ e
,Rock’ movements “driven - by thermal expansion ‘of under1y1ng un1ts
open fractures through the Paintbrush nonwelded un1t This
creates local zones of increased flux through the unsaturated

units below.

Nonelastic’ Response to Heatxng

-«4: ce el [T

U o I [
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Thermally induced fracturing of rocks immediately surrounding
waste canisters creates capxllary barrlers tormovement of

moisture between blocks of the rock matrlx.‘ The metr1x is

‘locally .saturated; forc1ng flow ' out 1nto the fractures and

_-resulting in film" “flow or droplet 1mpact on waste packages. The

59.

result is accelerated localized corrosion and waste d1ssolutlon.

i~ .:i% i 'Temperature-Driven Fluid Migration
ci o owr mucdown o oImaanToes

Water accumulates ‘above a’ reposxtory durzng the thermal period
because of evaporation and condensatlon. When gravity-drxven

flow resumes, a large volume of water contacts canlsters, and

. -flow:goes "throtigh’ fractures.

60. .
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;:Emplacement of ‘waste 'in’' the floor of repository drifts creates a

large thermal gradient across the drifts. Moisture condenses on

the roof and drips onto canisters, accelerating corrosion.
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62.

63.

64.

65.

66.

67.

Temperature inhomogeneities in the repository lead to localized
accumulation of moisture above it. Wet zones form below the

areas of moisture accumulation.

A thermal convection cell arises in the saturated zone beneath
the repository. The thermally driven outward water flow in the
upper portion of the tuff aquifer increases ground-water

velocities.

Local Mechanical Fracturing

Rockbursts propel rocks into waste packages and puncture the

canisters.
Corrosion

Water drips or wicks onto canisters at specific locations,
leading to buildup of brine deposits on small previously

stressed areas. These areas are focuses of localized attack.

Water drips or wicks onto canisters at specific locations,
leading>to buildup of brine deposits on small areas that happen
to have previously been stressed. Stress-corrosion cracking

ensues,

The canister material is subject to stress-corrosion cracking,
but the initiation time is too long to be detected in tests.
Canisters fail by this mechanism a few decades after the

repositbry has been sealed.
Canisters are sénsitized by long-term storage at moderately hot

temperatures in the repository. Stress-corrosion cracking (or

perhaps intergranular corrosion) ensues in a stressed zone.
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Zircaloy claddihg is subJect to stress-corroszon cracking at -
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repository temperatures, but 1n1t1at10n times are too long for

detectzon in 1n—reactor serv;ce or 1n the repos1tory testzng
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69. After canister breach colloids of corroszon products sorb

71.

;e .

72,

| RN

73,

ol

74.°

'.«y. ,,,. Q.

normally hzgly retarded rad10nuc11des and carry them away

unretarded.
TP U I FLENIE 4 SR & O S s

€ -~

Chemical Reactlon of Waste Package W1th Rock

Clesp m e tpTE
v -

Water drxpplng or runnzng over waste contazns 1ons that

e Lomume. aian ol oo Ul

2

precsztate uran1um. The prec1p1tat10n reactzon removes uranium

from solutlon and increases'the rate of fuel dxssolut1on.

Lo
' "w..— "-""'"-" -' “' " =

Waste and rock are placed in close Juxtap051t10n by mechan1ca1
- o osnd e

faxlure of emplacement holes ot dr1fts, or by small movements on

faults. React1ons between uran1um, rock mznerals, and water in

. \.\ o1 1:'-'( LU

'contact w;th both precxpltate uranlum,.leadxng the spent fuel to

rors

dxssolve more rapxdly ‘than if constralned by the equlllbrxum

solubility of uranium.

» . ‘-- . e LS Dy
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The hxgh dlssolved—5111ca content of natural waters entering the

R (RO T FL

_rep051tory causes rapld corros1on of 21rcaloy fuel cladding.
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Colloxds are formed from the rock by alteratlon under thermal

neTetIoy

mechanxcal and chemical stresses. Normally,well;retarded
radioelements such as plutonium and americium sorb to the

c01101ds. . . e e e P
P TR R R TP S DE <Y LA A A S T :

N . TR S ST LS T S S
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HWaste-contaanated water reacts W1th rock and c01101d phases of

mrrirda .t LANSWIIL-
m1nerals containing radxoelements are formed by coprecipitation.
RSN AT SR T S e it Lo

The colloxds are transported w1th little or no_retardation.
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76.

77.

78.

79.

80.

Geochemical Alteration

During the périod of heating'of rocks around the repository,
minerals adjacent to the residual water-bearing pores are
altered to clays. These clays clog the pores. When the

repository cools, water flows through fractures.

During the thermal period, zeolite minerals in fracture fillings

are altered to less sorptive phages. ‘ ] '

Waters moving away from the hot region aroun¢‘the repository
precipitate minerals derived from dissolved constituents of tuff
and cements used in repository construction. These minerals

clog péres and divert subsequent flows into fractures.

Evaporation of ground water in-the hot zone near the repoéitory
horizon leaves precipitates that plug pores. As a result, when
gravity—drivén flow resumes, water near the repository is
diverted into fractures. 1Initially, there is a pulse of

corrosive brine.

Evaporation of ground water in the hot zone near the repository
horizon leaves precipitates. When gravity-driven flow resumes,
the precipitates redissolve, and after a éhort period of
fracture flow, the flow returns to the matrix. There is a
considerable period of flow of corrosion brinés with elevated

dissolved solids.

There is fracture flow in the Topopah Spring welded unit even
under undisturbed conditions. Chemical reactions induced by
repositor& heat plug émallet—aperture fracturest After the
thermal pulse ends, percolation is diverted into larger

fractures.
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‘Water passing through the warm region around the repository is-

depleted of calcite by temperature —induced precipitation. Below

the rep051tory, the calcite-poor water dxssolves out calcite

»Vyve1ns in the Cal1co Hxlls nonwelded unit.

282,

83. -

84.

, I

Hic63£ial'Activitf;

e ete - Sl SR Lt .
Microbial activity accelerates canister corrosion.

i

st Ewesipl LAt L . P . .
Microbial®activity accelerates cladding corrosion. .

Radionuclides are 1ncorporated 1nto m1croorgan1sms or sorbed on
the1r-surfaces.-~Waste d1ssolut10n is accelerated The nucl1des

taken up by m1croorgan1sms are unaffected by chemlcal sorption

or- matrxx d1ffus1on.
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A R

-129—

_w,>



‘ 3
APPENDIX B N

, Uk
Information Rele&ant to the Reference Informatioﬁxsase

‘.

B-1 Sources of Data Used in the Report

>

All numerical and graphical datg'usgq_in thisﬁreport were adoﬁtéd_oc
taken directlyvfroh pﬁbiiéétions ciﬁéd in appropriate places of the
text. These publications are listed in the reference section: at the end
of the report. o

[

. :

B-2 ' Data Recomméﬁdéd'fof Inélﬁsion Into the Reference Information Base

' The 84 barrier-failure sequences listed in Appendix. A are

recommended for inclusion in the Reference Information Base.

B-3 Data Recommended for Inclusion Into the Tuff Data Base

None.

-130-



REFERENCES ...

t e

Avogadro, A., and G. de Hars1ly, “The Role of Colloxds in Nuclear Waste-

Disposal'" ‘in'G. L. HcVay, ed., SCIQntlflc ‘Basis for Nuclear Waste
Ha;;gement VII North Holland New York NY 1984 ‘PP 495-505.

e

Bell E. J., and L. T. Larson, "6verv1ew"of Energy and Hxneral ‘Resources

- -

for the Nevada Nuclear Waste storage Investxgatzons, Nevada -Test -
Site, ,Nye County, Nevada," Las Vegas, Nevada; U s Department of
Energy, Report: NVO—ZSO September 1982- “;t“ o et

Bra1thwa1te, J. w., amd F. B. N1m1ck Effect of Host-Rock Dissolution:and

“Precipitation on Permeabil1ty 1n a Nuclear Waste Repository. in -Tuff,
’SAND84-0192 Albuquerque NH Sandxa Natxonal Laboratorles, 1984,

J.~ -

,,,,,

Burkholder, H. C., *Waste Isolation Performance Assessment——A status

Report, " 1n C.J.M. Northrup, ed., Sc1ent1f1c Basis for Nuclear. Waste
Hanagement v. 2 Plenum,~New York NY 1980 P 689 RS

(N

1.

Byerlee J., C. Horrow, and ‘D’ Hoore, Permeab1l y and Pore-F1u1d

Chemistry of the Bullfrog Tuff in a Temperature -Gradient: -~Summary.of
Results, Open-File Report-83-475, Denver, CO: ;,U.S. Geological
Survey, 1983.

<

B . PN PRt | ,..;..7.'.'.‘ S . ‘L",_*..,, . . .."' . .
Claassen, H.. C.,:Sources -and -Mechanisms of Recharge for Ground Water in

.‘the West-Central Amargosa Desert, Nevada--=A Geochemical: Interpreta-
tion, ‘Open-File Report 83-542, Denver, .CO: - U.S. Geological Survey,
1983. B )

..Craig, 'R. w., and J H Robxson, Geohydrology of Rocks Penetrated by Test

Well' UE- 252&1 Yucca Mountain -Area, Nye County,: Nevada, Water- -
Resources Investigations' Report 84--4248, Denver, CO: U, S. Geological
Survey, 198& . . .

vt
AR

Frowe, B M., M. E. Johnson, and R..J Beckman, "Calculat1on of the

‘Probability of Volcanic’ D1srupt10n of a. ngh-Level Radloactlve “Waste
Repository Within Southern Nevada, USA," Radioactive Waste Hanagement
and the Nuclear Fuel Cycle, v. 3, pp..167 190,r1982.

L B

,,,,,,

0((

Czarneckz, J B., Predxcted Effects of Cl1mat1c Cha;ges on Water Table
. Position” Beneath Yucca’ Hounta1n _Nevada -Test Slte Water .Resources

Investigations Report 84-4344, Denver, CO: U.S. Geologlcal Survey,
1984 , e s

. 4
. . RN P . . S
RIS ULials T PR SRR St DI . b

IS ES DA A

Czarneck1,~’ »B.,wand R. K. Waddell- Flnxte-Element Slmulat1on of Ground-

Water ‘Flow in the V1c1n1ty “of Yucca Mountain, Nevada-California,
Water-Resources Investigations Report 84-4349, Denver, CO: U.S.
Geologxcal Survey, 1984‘ U T, v AR

Yol o PN ‘,-_,,r,

Dayal R., ‘BILS. iLee ‘Ri-J :*leke, ki Swyler,rP "Soo, T. u Ahn, ‘N. S.

HcIntyre ‘and ‘E. Veakis, “'Nuclear Waste Hanag;ment Techn1ca1 Support

in the Development of Nuclear Waste Form Criteria for the NRC, Task

1, Waste Package Overview,, Report NUREG/CR-2333, v.,l Washlngton, .
D. C..' U S Nuclear Regulatory Comm1551on,:1982. N

- . .
o !
T Lol ; [

_-131-



{

REFERENCES (continued) !

de Harslly, G., "An Overvxew of Coupled Processes With Emphasxs in
. Geohydrology," presented to International Symposxum on Coupled N
Processes Affecting the Performance of a Nuclear Waste Repository,
Berkeley, CA, September 18-20, 1985. .,
DOE,' Draft Environmental Assessment, Yucca Mountain Site Nevada Research
and Development Area, Nevada, Report DOE/RW-0012, Washington, D.C.:
U.S. Department of Energy, 1984.° '

- EPA, ""Environmental Standards for the Hanagement and stposal of Spent

'“: Nuelear Fuel, H1gh—Leve1 and Transuranic Radioactive-Wastes; Final
" Rule, 40 CFR Part 191," Federal Register, v. 50, Wash1ngton, D.C.:
U S. Przntxng 0ff1ce, 1985 .PP. 38066 -38089. .

Fernandez, ‘J. A., and M D Freshley, Reposztory Seal1ng Concepts for the
Nevada Nuclear Waste Storage Investigations Project, SAND83-1778,
Albuquerque, NM: Sandia National Laboratories, 1984.

Freeze, R. A., and J. A. Cherry, Groundwater, Englewood Cliffs, NJ:
Prentice-Hall, 1979.

Gause, E., and P. Soo, Review of DOE Waste Package Program, Subtask
1.1--National: Waste Package Program, April 1984 — September 1984,
Report NUREG/CR-2482, v. 7, Washington, D.C.: U.S. Nuclear
Regulatory Commission, 1985. '

Gregg, D. W., and W. C. O'Neal, Initial Specifications for Nuclear Waste
. Package External Dlmensxons and Minerals, Report UCID-19926,
L1vermore, CA: Lawrence -Livermore Laboratory, 1983..r

Hoover, D. L., W. C. Swadley, and A. J. Gordon, Correlation Characteris—
tics of Surficial Deposits With a Description of the Surficial
Stratigraphy in the Nevada Test Site Region, Open-File Report 81-512,
Denver, CO: U.S. Geological Survey, 1981. o

Hunt, J. R., L. M: McDowell-Boyer, and N. Sitar, "Colloid Migration in
Porous Media," presented to International Symposxum on Coupled
‘Processes Affectxng ‘the Performance of a Nuclear Waste Repository,
Berkeley, CA, September 18-20, 1985.

Hunter, R. L., G. E. Barr, and F. W. Bingham, Preliminary Scenarios for
Consequence Assegssments of Radioactive-Waste Repositories at the
" Nevada Test Site,- SAND82- 0426 Albuquerque NM: Sandia National
Laboratories, 1982. -

Hunter, R.L., G.E. Barr, and F.W. Bingham, Scenarlos for Consequence
Assessments of Radioactive-Waste Repositories at Yucca Mountain,
Nevada Test Site, SAND82—1277, Albuquerque, NM: Sandia National
Laboratorzes, 1983 ' o o

IAEA Concegts and Examples ‘of Safety Analys1s for Radxoactxve Waste
Repositories in Continental’ Geological Formations, Safety Series No.
58, Vienna, Austria: International Atomic Energy Agency, 1983.

-132-



REFERENCES (contxnued)

Johnstone, J. K., R. R. Peters ‘and P. F. Gnlrk Unit Evaluation at Yucca
ﬁ:m;g Mountain, 'Nevada .Test: SLte-= ‘Summary ‘Report and Recommendation,
1 SAND82-0372, Albuquerque, “NM: Sand1aLNat1ona1‘yaborator;es,‘1986.

Kaplan, M. F., Archaeological Data as a Basis for Repository Marker
Design,; Office™of- Nuclear Waste’ Isolatxon. Report 0NWI—354 Columbus,
.OH: :Battelle Memorial Institute 1982~ - .

KBS Kaernbraenslecykelns Slugsteg, Foerglasat Avfall Fraan Upparbetn1ng,
Swedzsh Nuclear‘Fuel Supply Co., 1977 . -

PN .) i

KBS,: F1na1 Storage of Spent Nuclear Fuel - KBS 3 Swedlsh Nuclear .Fuel
Supply.Co., 1983.

Kocher, D. _C.," Radioactive’ DecayﬁData Tables, Report DOE/TIC-11026
Washington, D.C.: ‘U. S Department of Energy, 1981 '{” P

Koplik, C. M., M. F. Kaplan, and B Ross, , "The Safety of Repositories. for
Highly Radxoact1ve Wastes,? Rev. Hod Phys., v.. sa, pp. 269- 310 1982.

(1,

.Logan, ' S. E., R. L. L1nk H. S Ng, F. A, Rockenbach and K. J Hong
(Link is listed as:! first™ author on the report cover), Parametrlc
Studies of ‘Radiological Consequences of . Basalt1c~Volcanlsm, o
SAND81-2375, Albuquerque, NM: Sandia National Laboratorzes, 1982.

~

McCright, R. D., H. We1ss H. C. Juhas, .and R.,w. Logan.‘Select1on of

_,uaxCandidate ‘Canister '‘Matérinls-for High-Level Nuclear Waste.Containment

*> ina_Tuff :Repository, Preprxnt UCRL—89988 leermore, .CA:' Lawrence
leermore Laboratory, 1983 :f*"i e LT LT - _7:}}‘{}

v

Hontazer P., and W. E. wllson, Conceptual Hydrolog1c Model of Flow in
the Unsaturated Zone, Yucca Mountain, Nevada, Water-Resources . . . !
Investxgatlons Report 8& 4345 Lakewood co- ‘qagg,seologicaLZSurvey,

\1984 St A , R f,‘J' foa

TR e L A A N .. . I

Hontazer, P., and W. E. W1lson, “Conceptual’ Hodel of Fluid Flow 1n
Unsaturated Fractured Tuffs," .presented to American Geophysxcal
! Un1on, Spr1ng Heetxng,‘Baltlmore HD Hay 1985 X o AT

S LIPS SN s iy

.NRC, "stposal of Hzgh—Level Rad1oact1ve Wastes 1n Geologzc e
Repositories,”" Code '6f “Federal’ Regulat1ons, ‘Title 10, Part 60

Washington, D. c.. u.s. Government Printxng Offxce, 1983

a0 A SR I hen onn oy .
NRC, (NRC Comments “on : .DOE ‘Drafi EnV1ronmental Assessment for the Yucca
Mountain Site, Wash1ngton, D.C.: U.S. Nuclear Regulatory Comm1551on,

v ryill o

- , _ L.
1 rr(< EXe :-p-: % L!.AA«u <

<3 . - .

Harch 20 1985

—ete

"o Neal w. c., L B.,Ballou D —w Gregg, and E w Russell "Nuclear
Waste Package Desxgn ‘for ‘the Vados Zone in Tuff " in R.G. Post, ed.,
Waste Hanagement ‘84, v. 1, Tucson, AZ' _Arizona Board of Regents,:

L]

.,‘1981-';, Pp. 547551, - ~.:—'v-ii‘-»;, A L s e

Talll B e §ove i




" REFERENCES (continued) -

- “Rice;, W.. A., Preliminary Two-Dimensional Regional Hydrologic Model of the

. Nevada Tést Site and Vicinity, SAND83-7466, Albuquerque, NM: Sandia
"National Laboratories, 198&

Roseboom, E. H.;'Jr;,fvxsoosal of'ﬁighfLevel Nuclear .Waste Above the
Water Table-in Arid Regxons, ercular 903, U.S. Geological Survey,
1983.

Rush, F. E., W. Thordarson; and D. G. Pyles, Geohydrology of. Test Well
USW H-1, Yucca Mountain, Nye County, Nevada, Water-Resources
Investxgatxons Report 84 4032 Denver, CO: U.S. Geological Survey,

- 1984, Ty .

Scott, R. B., and J. Bonk, Preliminary Geologic Map. of Yucca Mountain,
With Geologic' Sectiong, Nye County, Nevada, ;Open-File Report 84-494,
Denver, CO: U.S. Geological Survey, 1984.

‘Scott ‘R. B., and R. W. pengler,,s Dxehl A R. Lappxn, and M. P.

. Chornak, "Geologic Character of Tuffs in the Unsaturated Zone at
Yucca Mountain, Southern Nevada,” in J.W. Mercer, P.S. Rao, and I.W.
Marine, eds., Role of~ the Unsaturated Zone in Radioactive and
Hazardous Waste Disposal, Ann Arbor, MI., Ann Arbor Science
Publishers, 1983, pp:_289—335.

Scott, R. B., G. D. Bath, V. J. Flanigan, D. B. Hoover, J. G. Rosenbaum,
_and 'R. W, Spengler, Geological and Geophysical Evidence of Structures
“lin: Northwest-Trending Washes, Yucca Mountain, Southern Nevada, and
"~ Their Possible Significance to a Nuclear Waste Repository in the

Unsaturated Zone, Open-File Report 84-567, Denver, CO: U.S.
Geological Survey, 1984

Sinnock s., ¥. T. Lln,‘and J: P " Brannen, . Prelxmlnary Bounds on the
. Expected Postclosure Performance of the Yucca Mountain Repository
Site, Southern Nevada, SAND84-1492, Albuquerque, NM: Sandia National
Laboratories, Report 1984

Smith,-C. B., D. J. Egan, _ Jr., W. A. WLlllams, J. H.,Grunlke, C. -Y. Hung,
and B. L. Serini, Population Risks From Disposal of High-Level
Radioactive Wastes in Geologic Repositories, Report EPA-520/3-80-006,
Washxngton D:c.: ‘u. S"Environmental Protection Agency, 1982.

Smyth, J. R., “Zeolxte Stabxlxty Constraints on Rad1oact1ve Waste
Isolatxon in Zeollte-Bearlng Volcanzc Rocks," J. Geologz v., 90,
pp 195 201, 1982. ‘

Spauldxng, W. G., Vegetatxon and Climates of the Last 45, ( 000 Years in the

Vicinity of the Nevada Test Site, South-Central Nevada, Open-File
Report 83-535, Lakewood CO. U.S. Geological Survey, 1983.

Squ1res R. R., ‘and' R. L. Young, "Flood Potential of Fortym1le Wash and
its Principal Southwestern Tributaries, Nevada Test Site, Southern
Nevada, Water-Resources Investigations Report 83-4001, Carson City,
NV: U.S. Geological Survey, 1984.

-134-

D]



» REFERENCES - (continued)

Swadley,,w.\c., and D. L. Hoover, Geology of Faults Exposed-in Trenches
‘in Crater Flat, Nye: County, Nevada,.ppen-Fxle Report 83 608,- Denver,
1C0:" "U.S.. Geolog1cal Survey, 11983 L-inji C;. - )

e re ety

Thordarson, W., Perched Ground ﬁaﬁer in Zeol1t1zed—Bedded Tuff Raznxer
Mesa -and Vicinity,-Nevada. Test Site, Nevada, Report TEI—862 -Denver,
. C0:..:U.S, Geolog1cal Survey, 1965. e

Thordarson, w., F E Rush and S J Waddell Geohydrology of Test Well
.USW H-3, :Yuceca.Hountain; Nye County, Nevada, Water :Resources =
Invest1gat10ns Report 84-4272, Lakewood,. CO: U.S. Geological Survey,
'1985. Yy . S . o N A .

sz&VlS,,B J.,.and H..E. Nuttall, MAnalysis. of Colloid :Transport,"

presented to. Internat1onal Sympos1um on. Coupled Processes:- Affect1ng
j the - Performance of a Nuclear Waste Reposxtory,lBerkeley, CA;
September 18-20, 1985. s

-Tsang, -C.-F., -and D..C. Hangold, eds., -Panel -Report on Coupled Thermo-

Hechan1cal—Hydro-Chem1ca1 Processes "Associated-With*a -Nuclear Waste
Repository, .Report LBL-18250, vaermore ‘CA: .Lawrence Berkeley
Laboratory, July 1984. B .

USGS, A Summary of Geologic Studies of a Potential High-Level Radioactive

Waste Repository Site at Yucca Mountain, Southern Nye County, Nevada,
Open-File Report 84-792, Menlo Park, CA: U.S. Geological Survey,
1984,

Waddell, R. K., Two-Dimensional, Steady-State Model of Ground-Water Flow,

Nevada Test Site and Vicinity, Nevada-California, Water Resources
Investipations Report 82-4085, Denver, CO: U.S. Geological Survey,
1982.

Waddell, R. X., J. H. Robison, and R. K. Blankennagel, Hydrology of Yucca

Mountain and Vicinity, Nevada-California—--Investigative Results
Through Mid-1983, Water Resources Investigations Report 84-4267,
Denver, CO: U.S. Geological Survey, 1984,

West, J. M., N. Christofi, and I. G. McKinley, "An Overview of Recent
Microbiological Research Relevant to the Geological Disposal of
Nuclear Waste," Radioactive Waste Management and the Nuclear Fuel
Cycle, v. 6, pp. 79-95, 198S.

West, J. M., and I. G. McKinley, "The Geomicrobiology of Nuclear Waste
Disposal,” in G. L. McVay, ed., Scientific Basis for Nuclear Waste
Mangement VII, North Holland, New York, NY, 1984, pp. 487-494.

Winograd, I. J., "Radioactive Waste Storage in the Arid Zone," Eos Trans.
AGU, v. 55, 1974, pp. 884-894.

_#:~135-



* REFERENCES (concluded)

Winograd, I. J:,fénd‘c;.C.fDoty;fPaleohydtoiogy of thé Southern Great
Basin; With Special’' Referenca 'to Water Table’/Fluctuations Beneath the

Nevada Test Site During the Late (?) Pleistocene; Open-File Report
80-569, Reston, VA‘ u. S Geologxcal Survey, 1980

W1nograd I.- J., B J Szabo, T. B. Coplen, A. C. Rxggs, ‘and" P. T.
Kolesar, "Two-Million-Year Record of Deuterium Depletion in Great
Basin Ground Waters," Sczence, v. 227, pp- 519 522, 1985.

Yeh, T.-C. J L W. Gelhar, ‘and ‘A; L. GutJahr, “Stochastic Ana1y51s of
Unsaturated Flow in Heterogeneous Soils, 1, Statistically Isotropic
Media,™ Water Resour. Res., v. 21, pp. 447-456, 1985a.

Yeh, T.-C. J., L. W. Gelhar; ‘and ‘A. L. Gutgahr, “stochastxc Analysxs of
Unsaturated Flow in Heterogeneous Soils, 2, Statxst1cally Anisotropic
Media With Variable Alpha," Water Resour. Res s V. 21, pp. 457-464,
1985b. '

Yeh, T.-C. J.,-L. W. Gelhar, and A. L. GutJahr, "Stochastzc Analys1s of
-Unsaturated Flow'in Heterogeneous Soils, 3, 0bservat1ons and
Applications,” Water Resour. Res., v. 21, pp‘ 465- -472, 1985c.

-136-

D)



o

f“

B. C. Rusche (RW- 1), Director L
Office of Civ111an Radxoact1ve ’

Waste Management S ’
U.S. Department of Energy
Forreztal Bldg.

Washington, D.C. 20585

Ralph Stein’ (RU 23) . .
Office of Civilian Radioactive,.
Waste Management _ | T
U.s. Department of Energy ;
Forrestal Bldg.
Washington, D.C. 20585
J. J. Fiore (RW-221) —_—
Office of Civilian Radloactlve “
Vaste Management i o
U.S. ‘Department of Energy L
Forrestal Bldg. o

Washington, D cC. 20585ﬁt;” :

M. W. Frei (RW-231)

Office of Civilian Radioactive
Waste Management

U.S. Department of Energy

Forrestal Bldg. T

washiﬁgtbn"D:C. 20585: s

Carl P. Gertz, PrOJect Manager(5)

Waste Management Project Office ~

U.S. Department of Energy

Nevada Operations Office

P.O. Box 98518 | o

Las Vegas, NV ‘89193-8518

Chief, Rep051tory Progects Branch

Division of Waste Management® | e

U.S. Nuclear Regulatory Commission

Washington, D.C. 20555

NTS Section Leader
Repository Progect Branch i
Division of Waste® Management o

Uashington D. C 20555

137

,Washington D. C

. DISTRIBUTION LIST

B. G. Gale (RW-223): . .
Office of Civilian- Radioactive'
Waste Management
u.s. Department of Energy nel
Forrestal Bldg. - N i
20585 VR
R. V. Gale (RW 60)
Office of Civilian Radioactive
Waste Management - i-- ‘o o .7~
U.S. Department of- Energy
Forrestal Bldg.. i e
Washington, D.C. *‘20585 -
J. 0. Neff, Manager ‘ B
Salt Repository-Project Offlce ‘
U.S. Department.of Energy :
110 North 25 Mile Avenue
Hereford, TX- 79045

V. J. Cassella (RW-222)

.. Office of .Civilian Radioactive

Waste .Management R
u.s. Department of Energy
Forrestal -Bldg.
Washington, D. C. 20585 -

S. A. Mann, Manager
Crystalline Rock Project:Office

U.S.. Department of Energy

9800 South Cass Avenue
Argonne, -IL 60439 - .

Robert N. Schock T S
Lawrence Livermore Natlonal
Laboratory.. :

P.0.. Box 808 -

(2%

'Mail Stop L-209

Livermore, CA 94550- -,
L. D. Ramspott (3)
Technical Project Officer- for NNWSI
Lawrence Livermore Nat10na1
Laboratory e L

P.O. Box 808 : -

Mail Stop L-204 Coee s
Livermore, CA 94550... . .-



o ke e D

ke -l

Btk bt sl l A R S ]

e i et el A i

J. A. Cross, Manager
Las Vegas Branch
Fenix & Scisson, Inc.
P.0. Box 93265
Mail Stop 514
Las Vegas, NV  89193-3265
Document Control Center

Division of Waste Management |

U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

V. M.: Glanzman

U.S. Geological Survey '
P.0. Box 25046

913 Federal Center
Denver, CO 80225

P. T. Prestholt - -
NRC. Site Representative
1050 East Flamingo Road
Suite 319

Las Vegas, NV 89109

M. E. Spaeth - _

Technical .Project Officer for NNWSI

Science Applications Internatxonal
Corp. b

101 Convention Center Dr.

Suite 407

Las Vegas, NV 89109

SAIC-T&MSS Library (2)

Science Applicatlons International
Corp.

101 Convention Center Dr.

Suite 407

Las Vegas, NV 89109

W. S. Twenhofel, Consultant

Science Applicatlons Internat10n31
Corp.

820 Estes Street

Lakewood, CO 89215

‘A E: Gurrola, General Manager

Energy: Support Division
Holmes & Narver, Inc.
P.0O. Box 93838

Mail Stop 580

Las Vegas, NV  89193-3838

138

D. T. oOakley (4)

Technical Project Officer for NNWSI
Los Alamos National Laboratory

P.0O. Box 1663

N-5, Mail Stop J521 :

Los Alamos, NM 87545

L. R. Hayes (6)

Technical Project Officer for NNWSi
U.S. Geological Survey

P.0. Box 25046,

421 Federal Center

Denver, CO 80225

C. H. Johnson _

Technical Program Manager
Nuclear Waste Project Office
State of Nevada

Evergreen Center, Suite 252
1802 North Carson Street
Carson City, NV 89701

ONWI Library

Battelle Columbus Laboratory
Office of Nuclear Waste Isolation
505 King Avenue

Columbus, OH 43201

W. M. Hewitt, Program Manager
Roy F. Weston, Inc.

955 L'Enfant Plaza, Southwest
Suite 800 . .
Washington, D.C. 20024

T. Hay, Executive Assistant
Office of the Governor
State of Nevada

Capitol Complex

Carson City, NV 89710



John Fordham

Desert Research Institute
WVater Resources Center
P.0. Box 60220

Reno, NV 89506

Department of Comprehensive Planning
Clark County

225 Bridger Avenue, 7th Floor

Las Vegas, NV 89155

Lincoln County Commission
Lincoln County

P.0. Box 90

Pioche, NV 89043

Community Planning & Development
City of North Las Vegas

P.0. Box 4086

North Las Vegas, NV 89030

City Manager
City of Henderson
Henderson, NV 89015

T. G. Barbour

Science Applications International
Corp.

1626 Cole Blvd., Suite 270

Golden, CO 80401°

E. P. Binnall

Field Systems Group Leader
Building 50B/4235

Lavwrence Berkeley Laboratory
Berkeley, CA 94720

T. H. Isaacs (RW-20)

Office of Civilian Radioactive
Waste Management

U.S. Department of Energy

Forrestal Bldg.

Washington, D.C. 20585

D. H. Alexander (RW-232)
Office of Civilian Radioactive
Waste Management
U.S. Department of Energy
Forrestal Bldg.
Washington, D.C. 20585

B. J. King, Librarian (2)

Basalt Waste Isolation Project
Library '

Rockwell Hanford Operations

P.0. Box 800 -

Richland, WA 99352

D. L. Fraser, General Manager
Reynolds Electrical & Engineering Co.
P.O. Box 98521
Mail Stop 555
Las Vegas, NV  89193-8521

J. P. Pedalino

Technical Project Officer for NNWSI
Holmes & Narver, Inc.

101 Convention Center Dr.

Suite 860

Las Vegas, NV 89109

S. H. Kale (RW-20)

Office of Civilian Radioactive
Waste Management

U.S. Department of Energy

Forrestal Bldg.

Washington, D.C. 20585

J. H. Anttonen

Deputy Assistant Manager for
Commercial Nuclear Waste

Basalt Waste Isolation Project Office

U.S. Department of Energy

P.0. Box 550

Richland, WA 99352

P. K. Fitzsimmons, Director

Health Physics & Environmental
Division

Nevada Operations Office

U.S. Department of Energy

P.0O. Box 98518

Las Vegas, NV  89193-8518

Prof. S. W. Dickson

Department of Geological Sciences
Mackay School of Mines .
University of Nevada

Reno, NV 89557 -



Judy Foremaster (5)
City of Caliente
P.0. Box 158

Caliente, NV 89008

C. Bresee (RW-22)

Office of Civilian Radioactive
Waste Management

U.S. Department of Energy

Forrestal Bldg.

Washington, D.C. 20585

J. L. Fogg (12)

Technical Information office
Nevada Operations Office

U. S. Department of Energy
P.O. Box 98518

Las Vegas, NV  89193-8518

R. L. Bullock

Technical Project Officer for NNWSI
Fenix & Scisson, Inc.

P.O. Box 93265

Mail Stop 514

Las Vegas, NV  89193-3265

C. L. VWest, Director
Office of External Affairs
U.S. Department of Energy
Nevada Operations Office
P.O. Box 98518

Las Vegas, NV  89193-8518

Elaine Ezra

NNWSI GIS Project Manager

EG&G Energy Measurements, Inc.

P.0. Box 1912

Mail Stop H-02

Las Vegas, NV 89125

A. T. Tamura

Science and Technology Division

Office of Scientific and Technical
Information

U.S. Department of Energy

P.0. Box 62

Oak Ridge, TN 37831

L. Jardine

Project Manager
Bechtel National Inc.
P.0. Box 3965 .
94119

San Francisco, CA

R. Harig

Parsons Brinckerhoff Quade &
Douglas

1625 Van Ness Ave.

San Francisco, CA 94109-3679

Dr. Roger Kasperson
CENTED -
Clark University
950 Main Street
Vorcester, MA 01610
6300
6310
6310
6310
6310
6311
6311
6312
6313
6314
6315
6316
6332
- 6430
3141

R. W. Lynch
T. 0. Hunter
NNWSICF

10/12144/REP/Q3

A. L. Stevens
Mora

W. Bingham

E. Blejwas

R. Tillerson
Sinnock

B. Pope
Library (20)
R. Ortiz

A. Landenberger (5)

3151 W. L. Garner (3)
8024 P. W. Dean

3154-3 C. H. Dalin (28)
for DOE/OSTI

F.
T.
J.
S.
R.
WMT
N.

S.

141/142

22/12144/04-0961/REP-I1/Q3



