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REPORT SUMMARY

This report discusses recent developments of EPRI's Total System Performance
Assessment (TSPA) model applied to the candidate spent fuel and high-level
radioactive waste (HLW) disposal site at Yucca Mountain, Nevada. Building on earlier
work where a probability-based methodology was developed, the report details the
recent modifications to the EPRI TSPA code, IMARC, applied to Yucca Mountain. The
report also includes performance analyses using IMARC, identifies key technical
components important to Yucca Mountain performance, and provides
recommendations for future technical and regulatory development work.

BACKGROUND

Recent developments in site investigations and regulations for the candidate HLW
disposal facility at Yucca Mountain require that the utilities be reappraised of whether
Yucca Mountain is likely to demonstrate adequate protection of human health and the
environment. Demonstration of performance requires: 1) identification of the key
technical features (both natural and engineered) at Yucca Mountain that significantly
impact total system performance and 2) an assessment of whether the DOE technical
program is on the road to adequately demonstrating compliance with potential
performance regulations issued by EPA, NRC, and possibly Congress. The work
described in this report addresses both of these requirements.

OBJECTIVES

* To update the IMARC code based on new Yucca Mountain site-specific information
and recent regulatory developments

* To identify the key technical issues important to total system performance at Yucca
Mountain

* To provide to the utilities an assessment of whether protection of human health and
the environment due to disposal of HLW at the candidate Yucca Mountain facility
can be adequately demonstrated

APPROACH

The project team comprised experts in climatology, surface water and groundwater
hydrology, tectonics, volcanology, geochemistry, materials science and engineering,
rock mechanics, and health physics. They developed and implemented a probability-
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based logic tree framework for performance assessment based on Yucca Mountain-
specific models and data. This approach considered scientific and engineering
uncertainty on the state of nature or on models and parameters used to represent future
occurrences.

RESULTS

The enhanced IMARC code provided significant insight. Sensitivity studies indicate
that the key technical components affecting total system performance are: the amount
of water flowing through the repository; the assumed biosphere exposure pathways;
flow and transport properties in both the unsaturated and saturated zones of the Yucca
Mountain geology; container material; and elemental solubilities.

Reasonable assurance of very low dose rates to hypothetical individuals living in the
Yucca Mountain vicinity (due to operation and closure of the candidate spent fuel and
HLW disposal facility) can be provided for several thousand years into the future-
perhaps for a time period longer than the recorded history of human civilization.
Furthermore, the IMARC Phase 3 analyses suggest peak dose rates beyond several
thousand years will likely be limited to natural background levels or lower. Thus, we
find Yucca Mountain technically suitable for continued development as a permanent
spent fuel and HLW disposal facility. Whether or not this is a sufficient demonstration
of the licensability of Yucca Mountain, depends on whether future EPA and NRC
regulations require a rigourous compliance demonstration extended to one million
years, as some have recommended.

EPRI PERSPECTIVE

Development work at the candidate commercial HLW repository at Yucca Mountain
has continued for over a decade at funding levels exceeding several hundred million
dollars per year. The utilities need assurance that there are no technical issues that
would make the Yucca Mountain site unsuitable. EPRI maintains that the best way to
identify these issues is through assessments of total system performance. With this in
mind, EPRI developed the first version of its TSPA code, IMARC, as a tool to help DOE
prioritize and manage the technical issues.

With this third phase of the IMARC model development effort, EPRI continues to
provide technical insight to the utilities and others on the factors significantly
contributing to the performance of the candidate HLW disposal facility at Yucca
Mountain. The key result of the current work is that the Yucca Mountain site appears to
provide adequate protection of human health and the environment for many thousands
of years into the future.

iv



CONTENTS

Executive Summary .......................................................... ES-1
John Kessler

1 Introduction ................................................................................... 1-1
Robin McGuire and John Kessler

2 A Temperature and Stochastic Precipitation Model for Yucca Mountain -
Present and Future ............................................................................. 2-1

Austin Long

3 Flow and Transport In the Unsaturated Zone: Net Infiltration and Deep
Percolation .......................................................... 3-1

Stuart Childs and Franklin Schwartz

4 Coupled Processes, Heat Flow, and Water Contact with Waste Packages ..... 4-1
Benjamin Ross

5 Container Performance Assessment for the Proposed Yucca Mountain
Repository .................................................................................................................. ..............................5-1

Daniel B. Bullen

6 Source-Term Models ............................................................................ 6-11
Wei Zhou and Michael Apted

7 A Composite Variably-Saturated Hydrology Module for Risk-Based
Evaluation of High-Level Waste Repositories ........................................................ 7-1

Frank Schwartz, Ed Sudicky, and Rob McLaren

8 The Saturated Zone: Assessment of Water Table Change and Regional
iFlow ................................................................................. 8-1

Franklin Schwartz

V



9 Biosphere Dose Calculations ................................. .......... .... ....... 9-1
Graham Smith

10 The "Average Individual" Concept as an Alternative Performance
Measure .................................................................................................................... .......................... 10-1

John Kessler

11 Update on Data Related to Fault Displacement and Vibratory Ground Motion
Hazard at Yucca Mountain for Use In EPRI Performance Assessment .............. 11-1

Kevin J. Coppersmith

12 Thermo Mechanical Analysis of the Emplacement Drifts at Yucca
Mountain............. .. ....................... ............................................................................. 12-1

John Kemeny

13 Probabilistic Volcanic Hazard Assessment at Yucca Mountain .................... 13-1
Michael Sheridan

14 Overview of the IMARC Phase 3 Model ..................................................... 14-1
John Kessler and Robin McGuire

15 Results ............................. ............................. 15-1
Robin McGuire, John Vlasity, and John Kessler

16 Analysis of Key Components .......................... 16-1
John Kessler

17 ConclusIons and Recommendations ....................................... 17-1
John Kessler

Vi



EXECUTIVE SUMMARY (JOHN KESSLER)

Introduction

The purpose of total system performance assessment (TSPA) is to provide a sound basis
for decision-making. Because there is a range in the type of decisions to be made (from
simple scoping analyses of disposal concept through site selection and design
optimization to final demonstration of safety within a licensing context), there is a
corresponding range in types of performance assessments and ISPA models. Prior to
any useful and balanced comparison of ISPA codes or models, therefore, it is necessary
to clearly state the intended purposes (i.e., what decisions are to be supported) of such
codes or models. In this way, any differences or perceived deficiencies can be placed
into a proper TSPA and decision-making context.

One of the initial purposes of the IMARC (Integrated Multiple Assumptions and
Release Calculations) program developed by the Electric Power Research Institute
(EPRI) was to encourage the Department of Energy (DOE) to complete integrated
assessments characterizing Yucca Mountain as a prospective site for a HLW repository.
Both DOE and the Nuclear Regulatory Commission (NRC) are now actively engaged in
TSPA activities. The second major purpose of the IMARC program was (and continues
to be) to identify the critical technical issues that may require further investigation.

The purpose of performing calculations with the current IMARC Phase 3 software is to
explore the various models, parameters, and assumptions affecting estimated
repository performance and to draw conclusions about which of those are robust,
which are unimportant, and which have substantial uncertainties that lead to
uncertainties in repository behavior. Through this process we can identify the most
critical engineering and scientific areas that need further investigation or quantitative
characterization of their uncertainties. We can also make statements about current
estimates of repository behavior, how certain these estimates are, and what that implies
about the viability of Yucca Mountain as a potential repository.

The most important current purpose of the EPRI HLW program and the IMARC
application is to make an independent assessment of the performance of the potential
repository, identifying (if appropriate) fatal flaws in the site itself, in the engineering
design, or in the licensing program, so that the decision-makers in the utility industry
can judge the likelihood of potential outcomes of the licensing process and take
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Executive Summary

appropriate action. In part, our conclusions in this regard will depend on EPA
regulations regarding time periods and acceptable levels of exposure that are expected
to be issued in 1997.

Current estimates of repository performance are made with the IMARC software,
developed over a period of years under EPRI sponsorship. For input we use models,
parameters, and assumptions developed by consultants to EPRI; these models,
parameters, and assumptions are documented in this report and are the best current
interpretations by these consultants.

The main "added value" delivered by a systems-level model such as IMARC as
compared to detailed subsystem models is the ability to capture interactions and
correlations among different parts of the system. Thus, when we abstracted a
subsystem for IMARC, we aimed to capture as many of these correlations as possible
rather than to maximize the accuracy of approximation to more detailed subsystems.

Recent Developments Affecting the Form and Purpose of Yucca Mountain TSPA

There have been many changes and advances in the understanding of how a potential
repository at Yucca Mountain would perform since the previous version of the EPRI
Total System Performance Assessment (TSPA) code, IMARC "Phase 2", was released in
1992 (EPRI, 1992). A few examples are:

* The original design for disposing of spent fuel and high-level radioactive waste
(HLW) (SCP, 1987) called for the use of relatively small, single shell containers
placed in tight-fitting, vertical boreholes drilled into the floor of the access drifts.
Now the design has changed to the use of much larger containers composed of
multiple layers of different kinds of steel (ACDR, 1996). These larger containers
will be placed horizontally directly into the access drifts whose diameters exceed
those of the containers by approximately two meters (ACDR, 1996). This change
has significant implications for performance models, such as IMARC.

* Understanding of groundwater flow and dissolved contaminant transport in the
groundwater has changed, requiring new models for these phenomena. In
addition, recent advances in computer speed and groundwater modeling techniques
allowed EPRI to take advantage of the ability to model more accurately these
groundwater processes.

* DOE has changed the areal density of the waste to be placed in the disposal drifts.
Originally 57 kW/acre was the target areal density (SCP, 1987). However, the
repository is now being designed for a mass loading of 80 to 100 MTU per acre with
a reference design of 83 MTU per acre (ACDR, 1996). This has significant
implications regarding local hydrothermal processes near the repository that
directly affect both container corrosion, the rate at which radionuclides may be
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Executive Summary

removed from the spent fuel or HLW within the breached containers (source term),
and possibly the far-field transport of the released radionuclides in the
groundwater.

In addition to these technical improvements or changes to the program there have been
several significant programmatic changes that continue to require monitoring and
analysis of the DOE program by EPRI using TSPA. A few examples of these include:

* Replacement of the Technical Site Suitability (TSS) analysis that was underway and
was to have been completed in 1998. The TSS was to be determined, in part, based
on a long series of technical criteria enumerated in 10CFR960. Recent budget
reductions have caused this formal TSS process to be replaced by a less formal
"Viability Assessment" process. EPRI will need to comment on the appropriateness
of the Viability Assessment, as well as the assessment itself.

* An approximately 40% reduction of the FY1996 and 1997 DOE budgets for Yucca
Mountain compared to that in FY1995 requires the prudent use of resources. EPRI's
TSPA code can provide guidance to DOE in their efforts to make important progress
on developing Yucca Mountain in the face of these budget cutbacks.

Finally, there has been significant activity in the legislative and regulatory realm that
may directly impact the kind of technical analysis required when performing a TSPA
during the licensing process. When IMARC was originally developed, it was only
necessary to calculate the rate of release of radionuclides in the groundwater past a
boundary five kilometers downstream for a period of up to 10,000 years. However, a
series of bills were introduced in Congress during 1995 require calculating dose rates to
individuals at positions that may be different from five kilometers. The bills, if they
had been enacted, would have required calculating position-dependent groundwater
concentrations of radionuclides, and developing appropriate radionuclide transfer
models between the groundwater and humans in order to calculate doses to humans.
More recently, a National Academy of Sciences (NAS) panel has recommended that the
performance standard for Yucca Mountain be based on limiting individual health risk
for a period up to approximately one million years (National Research Council, 1995).
Individual risk and individual dose rates are assumed to be directly correlated.
According to Section 801 of the Energy Policy Act of 1992 (EPAct, 1992), the NAS panel
recommendations are to form the basis for the new performance regulations that the
Environmental Protection Agency (EPA) will promulgate for Yucca Mountain in the
near future. Thus, it seems likely that new regulatory or legislative requirements will
necessitate including calculations of individual dose rates at various downstream
positions for periods of time up to one million years in the future.
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Modifications Forming the "Phase 3" Version of IMARC

Because of the reasons given above, as well as others (e.g., new parameter values and
process models), EPRI felt it was necessary to modify and improve their TSPA code,
IMARC, as previously described in the Phase 2 report. The following major changes
between this version of IMARC (Phase 3) and Phase 2 are listed below.

Extension to One Million Years

IMARC has been extended to estimate individual dose rates up to one million years in
the future. This is necessary because peak dose rates generally occur between a few
tens of thousands of years and one million years, so a code that calculated doses for
only ten thousand years was not capable of estimating peak doses'. Furthermore, the
NAS panel recommended that the Yucca Mountain performance standard include
estimates of individual health risk (or individual dose rates) out to one million years.
Demonstrating regulatory compliance beyond 10,000 years is nearly unprecedented
(outside the realm of HLW disposal regulations, that is) and would certainly prove
difficult. However, the fact that the NAS panel made such a recommendation to EPA
makes it prudent for EPRI to develop a code to conduct analyses over these
tremendously long timeframes.

Climate Model

In the area of future climate conditions, the work on climate predictions presented in
Chapter 2 is abstracted into three assumptions: (1) minor greenhouse effect, (2)
moderate greenhouse effect, and (3) permanent greenhouse climate. These provide
major differences among future climates as they affect TSPA calculations; within each
climate assumption, one sequence of climate changes is used. The first two scenarios
assume that the greenhouse effect will perturb the future climate for only the first
100,000 years; after which the climate reverts to the "historically normal" cycle below:

"Historically normal" cycle (beginning 100,000 years from now):

0 to 40k yrs: 1/3 Full glacial maximum

40k to 55k yrs: 2/3 Full glacial maximum

55k to 65k yrs: Full glacial maximum

'This is not to say that current models of geologic and engineered systems will be accurate for one
million years. Rather, it addresses the question of "What will peak doses be, and when will they occur if
current model assumptions and parameters are assumed to apply?" TSPA calculations for 10,000 years
cannot answer this question.
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65k to 90k yrs: 2/3 Full glacial maximum

90k to 100k yrs: Interglacial

Groundwater Fluxes In the Unsaturated Zone

Net Infiltration

Net infiltration is defined as the net downward groundwater flux below the zone near
the surface in which evapotranspiration occurs (assumed from 0 to 2 m below the
ground surface). Net infiltration results calculated from detailed models of
precipitation and the effects of soils, vegetation, and hydrologic units are also
abstracted. The probability distributions of net infiltration from those calculations were
recognized as variations in year-to-year values; for purposes of hydrologic flow and
transport we use the means of these distributions to generate long-term flow
parameters at depth. The average net infiltration we assume for the different climate
regimes are as follows:

Greenhouse: 1.7 mm/yr

Interglacial: 1.2 mm/yr

1/3 Full glacial maximum 2.5 mm/yr

2/3 Full glacial maximum: 2.8 mm/yr

Full glacial maximum: 3.0 mm/yr

Early sensitivity studies with IMARC indicated that variations within a climate
assumption (e.g. on the time at which glaciation takes place, or on the duration of
glaciation) was less important than differences between the climate assumptions. Even
among those assumptions it is evident that differences in doses between the minor and
moderate greenhouse effect is small, with the permanent greenhouse effect indicating a
somewhat larger difference. Additional IMARC sensitivity studies also indicated that
varying the climate beyond 100,000 years provided no additional insight into the key
technical parameters, yet resulted in very slow model execution times. Thus, a time-
averaged, invariant climate is used beyond 100,000 years in this study.

After the initial 100,000 year time period, we use an infiltration which is the time-
weighted average over the "historically normal" cycles described above. For the first
two climate scenarios this infiltration is 2.54 mm/yr, the permanent greenhouse case
remains 1.2 mm/yr. Depth to the water table is also fixed in a similar manner for the
post 100,000 year calculations (250 m for the first two climates, 321.5 m for the
permanent greenhouse).
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Although the uncertainty in the climate scenario is considered in the IMARC model, net
infiltration within a specific climate cycle segment is treated as certain. For example,
the net infiltration is always assumed to be 3.0 mm/yr for the Full Glacial Maximum
climate segment. It is recognized that there is year-to-year variability in net infiltration.
However, the net infiltration averaged over the entire climate segment (10,000 years or
more) is always assumed to be the same. This sort of approach could be thought to
miss the potential importance of significant departures from the within-climate-cycle-
segment averages on repository performance. This is not considered to be a significant
error given our current modeling approach for flow and transport in the UZ and SZ.
The residence time of conservative tracers for deep UZ fluxes as high as 25 mm/yr is
still estimated to be several thousand years. Thus, an upward departure from the
average would have to persist for over 1,000 years to begin to have an effect on overall
performance.

Deep Percolation in the Unsaturated Zone

It also is assumed that lateral diversion of infiltrating water occurs, whereby 80% of the
vertical groundwater flow is diverted laterally and does not reach the repository
horizon. Thus, the repository-wide average percolation rate (the groundwater flux at
the repository horizon) is set at 20% of the infiltration values listed above. This amount
of lateral diversion was determined based on the initial assumption that the average
residence time of water in the UZ is 100,000 years. Using the flow and transport model
described in Chapter 7 it was determined that a percolation rate of 0.5 mm/yr yielded
an average residence time of an unretarded tracer in the UZ of just less than 100,000
years. Since this percolation rate is approximately 20% of the time-averaged infiltration
rate (averaged over one million years) the assumption is made that, on average, 80% of
the net infiltration rate is laterally diverted into areas away from the repository. This
means that, no matter what the net infiltration rate, the average percolation rate was
always assumed to be 20% of that value. This is admittedly a significant abstraction of
the lateral diversion process. However, given the large uncertainties in the value and
distribution of percolation rates at the repository horizon, further refinement of the
lateral diversion conceptual model is not justified at this time. In the meantime, this
uncertainty is best handled by the use of sensitivity studies using a significant range of
percolation rates.

Hydrothermal Effects

Potential interactions among fluid flow, chemistry, and heat transfer continue to be
significant concerns at the Yucca Mountain site. Previous performance assessment
work (including that reported in Phase 2 (EPRI, 1992)) concluded that heat transfer
from the proposed HLW repository in the unsaturated zone of Yucca Mountain may be
strongly affected by movement of water, which occurs in both liquid and gas phases.
Conversely, temperature can have a great influence on water movement by inducing
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large-scale transfers of water vapor. Fluid movement affects both the release of
radioactivity from the repository (by determining how much water contacts the waste
package) and the migration of radionuclides from the repository to the accessible
environment.

New estimates of system behavior and associated uncertainties for use in IMARC are
made. The estimates are in the form of a five-dimensional matrix whose axes
correspond to alternative repository thermal loadings, flow regimes (degree of
coupling between fractures and matrix), heat transfer mechanisms, waste package
temperature histories, and modes of water contact with the waste package. Values in
the matrix are the fractions of the waste in a repository at different temperatures and
exposed to different modes of water contact. These values depend on design choices
(in particular, the thermal loading), on physical properties of the rock (which will
control the mode of heat transfer), and on which conceptual model of water movement
in unsaturated fractured rock is correct. For each alternative thermal loading, heat
transfer mode, and conceptual model, the waste fractions take different values. It must
be understood that values assigned to these fractions represent judgmental estimates
rather than the results of calculations.

For any repository design, not all waste packages will experience the same conditions.
Packages in the center of the repository will be hotter than those near the edge;
packages which intersect fractures in which water flows will be wetter than those
which do not; and so on. To make this variability manageable, we define three
temperature histories and four water contact modes. These form a matrix of 12
alternative waste package conditions.

Various sections of the repository are assumed to follow one of three temperature
histories. The three temperature histories are taken from Pruess and Tsang (1994) and
are shown in Figure ES-1. The four water contact modes are as follows:

* Dry - The package does not contact liquid water. This does not mean that the
downward percolation flux is zero in the rock surrounding the package. Rather,
water does not contact the package either because capillary forces conduct water
around the repository drift, or because the surrounding rock has been dried out
by the heat of the repository.

* Reflux - When temperatures in the repository are above boiling, water
condenses in the rock above. For a short period after the repository temperature
descends below the boiling point, the condensate drains through the repository
and drips on the package. At all other times, the package is assumed to be dry.

* Wet-drip - Separate droplets of water fall across an air gap onto the package.
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* Episodic - Water contacts the package intermittently for limited periods of time.
Episodes might be due to such causes as extreme recharge events at the surface,
fingering flow, tectonic changes in fracture behavior, plugging of fractures by
mineral precipitation, or changing location of condensation zones as
temperatures change.

Each combination of heat transfer choice (dominated by a conduction, convection, or
heat-pipe process), flow model (degree of flow focusing), and repository mass loading
gives a different scenario. The scenarios determine the temperatures of waste
containers and the amount of liquid water they contact. For each scenario, the fraction
of waste packages experiencing each combination of temperature history and water
contact mode is specified through the five-dimensional matrix.

When temperatures return to pre-repository values, water movement will likely return
to something approximating initial conditions. At this time, water movement will be
essentially independent of temperature, thermal loading, and heat transfer mechanism,
but will still depend on the conceptual model of water movement. Even a small
temperature increase at the repository is likely to substantially increase the amount of
water moved by convective air flow. We estimate the time of transition from heated to
ambient conditions as 50,000 years, the time at which temperature curves a and f on
Figure ES-1 have returned to near pre-repository values.
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Figure ES-1 Temperature versus time histories assumed applicable to various parts of
the repository.

Fractions of Repository Wet

The conceptual model of lateral diversion presented above assumes that geologic
systems act to divert 80% of the flux descending below the evapotranspiration zone.
Thus, the assumption is made that repository excavations will determine where that
80% of the diverted flux is, and that waste containers will not be placed in these areas.

We do not assume perfect knowledge of where the remaining 20% of the flux is or how
it is distributed, however. Figure ES-2 is a schematic showing flows in the UZ and SZ.
We assumed that the containers are placed in areas where the remaining 20% of the
flux is descending, and that much of this remaining flux is "focused" through these
areas. Conceptually, this could be because there are localized "leaks" in the lithologic
unit responsible for laterally diverting the flow above the repository that remain dry
except during rare events involving high precipitation over an extended period of time.
Alternatively, some containers might be inadvertently placed too dose to the "known"
zones of diverted flow - areas where there is still some focusing. The zones of
"focused" flow have local percolation rates that were assumed high enough to cause
dripping into open drifts and onto the containers. These are termed "wet" zones. The
remainder of the repository is considered "dry", meaning that the local percolation rate
is assumed too low to cause dripping into open drifts so containers remain free of
dripping water.

Yucca Mountain
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flow =8f
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Figure ES-2. Schematic of flow in the unsaturated and saturated zones beneath Yucca
Mountain.

Since the amount of focusing is uncertain and likely to be spatially variable, focused
flow factors, 'd', of 3 and 15 are used to model "weak" and "strong" focusing,
respectively. Water is conserved in the system by weighting the repository-wide
average percolation rate, PR., by the wet and dry fractions of the repository (F,*, and
For, respectively).

With respect to fractions of the repository that are wet under different conditions, these
results are summarized in Table ES-1. The percentages shown in parentheses
correspond to the assumed probabilities that the repository exhibits the combination of
focusing or heat transfer mechanism behavior shown. The first value under the heat
transfer mode corresponds to that used for the 83 MMU/acre repository; the second for
the 25 MTU/acre repository. The table shows that conduction-only is assumed for the
25 MT/ acre case.

Table ES-1.
Fractions of Repository Wet Under Various Conditions

Areal Mass Loading

83 MMU/acre 25 MT`/acre

"Strong" Focusing Conduction .12 .07
(70/100%)

(50%/0) Convection .16 n/a
(20/0%)

'd'=15 Heat Pipe (10/0%) .15 n/a

"Weak" Focusing Conduction .16 .34
(50/100%)

(50%10) Convection .38 n/a
(20/0%)

'd'=3 Heat Pipe (30/0%) .76 n/a

The wet fractions in Table ES-1 apply during the first 50,000 years. After 50,000 years
all thermally-induced effects are assumed to have dissipated and wet areas of 3% and
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70/o are assumed for the "strong focusing" and "weak focusing" cases, respectively. All
of these "fraction wet" values were obtained using expert judgment. Their absolute
values are highly uncertain, but their relative values are based on interpretations of
measured and modeled hydrothermal phenomena. Uncertainty in the fraction wet is
considered in sensitivity studies.

In addition to focused flow factors, "recirculation factors" are also included during the
thermal period (first 50,000 years). These factors account for the water that continually
evaporates, condenses, and refluxes past the containers during this time period.
Recirculation factors are applied only to fluxes used in subsequent source term
modeling as multipliers of the wet zone percolation rate. The percolation rate below
the repository wet zones, used in the flow and transport model, is taken as PR,,. (the
average percolation rate in the "wet" zones). The assumed recirculation factor assumed
depends on the heat transfer mechanism as follows:

Conduction Only: Recirculation factor = 2

Conduction and Convection: Recirculation factor = 4

Heat Pipe: Recirculation factor = 10

Waste Container Failure

Container failure is presented as a series of Weibull distributions which are dependent
on the heat transfer mechanism and temperature history. Corrosion mechanisms
considered in this statistical approach to container failure include: general corrosion,
localized corrosion (crevice and pitting corrosion); stress corrosion cracking;
degradation due to metastable microstructure; embrittlement due to hydride formation;
and microbiologically influenced corrosion. Galvanic protection is not considered.

Two different container designs are considered: the base case, termed the "Multi-
Purpose Container" (PQC) concept (10 cm of carbon steel surrounding 2 cm of Alloy
825) and a "high performance container", or "HPC" (0.5 cm-thick Grade 16 titanium
alloy surrounding 2 cm-thick Alloy C-22) used as an exploratory study. For all of these
calculations a horizontally-emplaced container is assumed.

The Weibull distributions employ a feature that allows for the possibility that a small
fraction of the containers may have failed at emplacement or shortly after emplacement
due to manufacturing flaws, construction errors, or emplacement mishandling.

Source Term

The source term model is a compartment model that begins by assuming all waste form
surfaces are wetted immediately after their container "fails". Advection and diffusion
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between the following compartments can be modeled: waste form; corrosion products
found in the corroded sections of the canister; gravel backfill below and sometimes
above the container; concrete invert (both concrete matrix and fractures); and rock
matrix and fractures immediately surrounding the drift. The flux entering the
container is assumed to be 5% of the wet percolation rate times the horizontal cross-
sectional area of the container. This is shown in Figure ES-3. Also, a corrosion opening
at the bottom of the container is assumed to be equal in size to the opening at the top,
so a "flow-through" model of hydrologic transport is used to mobilize waste within the
container. The fraction of container area available to flow is not assumed to increase
with time after initial container failure.

Release is considered from radionuclide inventories in gap, cladding, and U0 2 matrix
of spent nuclear fuel. Gap inventory is assumed to be released instantly. Inventories in
cladding and U02 matrix are assumed to be released congruently with the degradation
of cladding and dissolution/alteration of U02 matrix.

Solubilities for the seven most important elements are given in Table ES-2.

PRdfn (=PRm)

l~~~~~~~~~~~.. .oe=5% oaf |
Conta ner . >container area }

\ ill | lilili ~~~Ddft/

Figure ES-3. Schematic of flow in and around the waste container.

Hydrologic Flow and Transport Model

A new hydrology model has been developed. It provides a more realistic portrayal of
hydrologic processes that affect the flow of water and radionuclides. The most
important concern in developing the new code was to provide a capability to model
"fast fracture flow" when it may occur. Fast fracture flow is a condition where the
water in the fractures moves faster than the associated zone of wetting within the
matrix. The new hydrology code within IMARC also adds considerably more power
and flexibility in the treatment of processes and parameters. Because the new code is
numerically based, it can incorporate complex climate-related changes in infiltration at
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the surface, various patterns of layering, the in-growth of daughter products, and a
rigorous treatment of flow and transport in the saturated zone.

Radionuclides leached from the waste facility are advected and dispersed downward
through the unsaturated zone (UZ). The UZ is modeled using a double porosity
simulation incorporating advection, dispersion, fracture and matrix sorption, and
radioactive decay and daughter ingrowth. Once the radionuclides reach the water
table, they can advect, disperse and decay within the three-dimensional saturated
aquifer. Transient conditions in the UZ were modeled; steady-state conditions in the
saturated zone (SZ) were assumed at all times (even when the elevation of the water
table and UZ percolation rates changed with time due to climate changes).

Following TRW (1995) the UZ stratigraphy is idealized in terms of four main units
including :Topopah Spring welded (TSw2 ,, 111.2 m thick); Topopah Spring vitrophyre
(TSv 8.4 m thick); Calico Hills Nonwelded vitric (CHnv, 80.7 m thick); and Calico Hills
nonwelded zeolitic (CHnz, 121.2 m thick). The saturated zone is assumed to have
parameters of the Bullfrog (BF) unit.

Abstractions are made in terms of geometric modeling of the UZ flow paths and the
interface of dissolved nuclides in the UZ with the SZ. These abstractions are shown in
Figure ES-4. Flow and transport through the UZ is conducted through three, non
interacting vertical columns representing flow beneath the "wet" zones for each of the
three temperature histories assumed. The model description of the three repository
temperature mechanisms shown in Figure ES-4 consists of areas of a, a, and y
temperature profiles (from Figure ES-1) surrounded by a "dry" repository zone. The
areas of the a, IP, and y profiles are approximately the average fractional areas of the
repository that will experience those temperature curves, with the fraction for each
temperature curve averaged over all heat transfer mechanisms and flow focusing
factors. The a (hottest) temperature profile was placed closest to the center of the
repository, followed by the 0 (medium) temperature profile and the y (coolest)
temperature profile near the edge. Half of the area indicated for the a curve models the
long-term wet area subjected to this temperature profile, and the other half models the
area subjected to reflux conditions for this temperature profile (these conditions last
2000 years, after which that part of the repository is dry). Similar conditions apply for
the P and y curve.
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Plan View
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Figure ES-4. Schematic of UZ and SZ flow and transport model.

Regional Hydrology

A general study of the effects of regional hydrology in diluting the contaminant plume
is abstracted for the TSPA calculations. Dilution is determined to be a function of
distance to the repository, geometry of the plume, and other factors, all of which lead to
dilution factors between 0.2 and 0.05 (as contaminants move to 15 or 25 km
downstream from an assumed starting point of 5 km downstream).
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Thenro-Mechanical Analysis

The present work is different from the previous two studies presented in earlier
IMARC reports. The previous two studies focused on the stability of container
boreholes where the waste was originally to be stored. The reference design for waste
storage is now in horizontal emplacement drifts, and the potential for slip along joints
in the rock mass surrounding these drifts must be taken into account. Secondly, the
previous two studies analyzed the thermo-mechanical response of the repository for
10,000 years. There is now interest in understanding the behavior of the Yucca
Mountain site past 10,000 years and the present analysis looks at the response of the
repository for one million years.

A finite element model is used for the analysis. Modifications have been made to the
finite element code that was used in the Phase 2 work. Most importantly, the finite
element model is modified to take into account a distribution of joints that can slip as a
function of resolved shear and normal stresses and time. Modifications were also made
for several different thermal loading scenarios and mechanical loading scenarios.
Model parameters needed include joint material properties, elastic material parameters,
thermal loading parameters and mechanical loading parameters. These parameters are
not known exactly, and a range of values were used for the primary variables and
probabilities were assigned for different scenarios involving different sets of values. In
total, four material property scenarios, three thermal scenarios, and four in-situ stress
scenarios are considered, making a total of 48 different sets of properties. Each of these
cases was run with the finite element model.

The effects of rock spalling on repository performance appear minor. Because of the
minimal impact on performance due to thermomechanical effects, these effects are now
neglected in IMARC Phase 3.

Volcanic Hazards

This assessment is based on a probabilistic volcanic hazard assessment made over an 18
month period in 1995-96 by an expert panel of 10 volcanologists administered through
a Methodology Team headed by Geomatrix Consultants, Inc. and sponsored by DOE.
The final results of that panel (Geomatrix, 1996) were published in a document, called
here the PVHA Report, which contains complete descriptions of the details of the
process, methodologies, data and conclusions. The aggregate estimate for annual
probability of magmatic intrusion during the next 10,000 years at the proposed
repository of Yucca Mountain made by the 10 expert panel members for the PVHA
Report is 1.5*104 with 5% and 95% confidence bounds of 5.4*10.10 and 4.9*104,
respectively.
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For the short term of the next 1000 years the only real possibility of activity in the Yucca
Mountain area would be a resumption of eruptions associated with the Lathrop Wells
center. Such an eruption would be centered near Lathrop wells and would lie on a dike
system like the ones described in the following text. The annual probability of a dike
related to this type of event having an intersection with the repository is about 2*1047,
assuming that the Lathrop Wells system is still active.

Based on one of the models developed for the PVHA panel, our estimation for the long-
term (the next 10,000 to 100,000 years) annual probability of an intersection of a
volcanic event with the proposed repository is 1.8*104 with uncertainty bounds of
2.9*104 and 4.7*104 at the 5% and 95% confidence levels, respectively. Since this model
and resultant estimate are based on the assumption of a homogeneous temporal
probability over the period of the past 5 million years, the annual rate estimate of
1.8*104 would apply for a period of one million years in the future as well.

Because of the low probability of volcanism directly impacting the repository site, EPRI
has neglected volcanism in its Phase 3 IMARC TSPA model.

Earthquakes

Tectonic activity is not expected to significantly impact repository integrity. Therefore,
tectonic activity was not considered in IMARC Phase 3.

Human Intrusion

Human intrusion likewise was examined in previous studies by EPRI (EPRI, 1990;
1992), but current thinking is to exclude this scenario from TSPA calculations because
critical probabilities (such as the probability that drilling will occur) are almost
completely unquantifiable. In addition, the nature of the intrusion is unknown. Our
container failure model already has the probability that one or two containers may fail
very early. Although the early failures are assumed to be due to manufacturing flaws,
they could also be considered to be due to human intrusion. Since "failure" means the
container has 5% of its surface area available for advective flow, this may be assumed
to be due to a drill hole. Our source term model already assumes bare fuel anyway.
Thus, the human intrusion scenario is not included specifically in our current
calculations.

Dose calculations

Previous versions of IMARC focused on calculating total releases of radionuclides past
a five kilometer boundary. In addition to aqueous release via groundwater, attention
was paid to gaseous release of carbon-14 since it was the major contributor to total
release as defined by the previous performance standard for Yucca Mountain
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(40CFR191). As described earlier in the executive summary, it has become increasingly
apparent that the major performance indicator in the future will be dose (or health risk)
to individuals living near Yucca Mountain in the distant future. The recent interest in
estimating possible doses of radioactivity to individuals in future populations from
underground nuclear waste repositories has prompted calculations of dose in a
probabilistic format. This is a logical extension of current performance assessment
efforts, which make probabilistic estimates of radioactive releases. To make
probabilistic dose estimates, three basic analyses are conducted in IMARC Phase 3.

First, the probability distribution of releases from the repository (quantifying the effects of
uncertainties in models and parameters) are estimated for time periods of interest to dose
calculations. Second, factors converting released radioactivity to human doses are derived
considering the pathway by which nuclides might be ingested by humans. Factors to convert
elemental concentrations to human doses are determined using a biosphere model. Both the
drinking water exposure pathway only and all exposure pathways are considered. It is
assumed that water is continuously abstracted from a deep well and used for spray irrigation
of crops, watering of livestock, and domestic supply (including drinking water). Irrigated
crops are assumed to become contaminated directly by interception of spray irrigation water,
or through root uptake and soil splash. Contamination in such crops are assumed to be in
equilibrium with concentrations in well water and surface soil. Details of the physical
characteristics of each compartment, the rates of compartment transfer processes, and the
element-specific distribution coefficients can be found in EPRI (1996).

Finally, the population at risk is considered. In some analyses the population at risk is
considered to be a "conservative individual," that is, the single hypothetical person who
lives as close as possible to the repository, drills a well exactly into the most
contaminated part of the groundwater, extracts water with the maximum contaminant
concentration, and uses that water for drinking, crop irrigation, and support of
livestock (that this individual also consumes) for the individual's entire lifetime. EPRI
also conducted illustrative calculations in an attempt to consider more realistic (i.e., less
pessimistic) individuals at risk. Some of the illustrative factors that EPRI considered
are the dilution effect of multiple wells and the probability of detecting the
contaminants. EPRI employed these probability and dilution factors to arrive at a
probability distribution of the maximum dose received by these, potentially more
realistic, individuals in the larger population at risk.

In the example developed for application in Phase 3, three cases are used from a
previous EPRI study (EPRI, 1994) based on three types of population distributions in
the vicinity of the site. The three population distributions considered are: (a) a single
farm in the vicinity of the repository, which may have a well to supply both drinking
and irrigation water; (b) a small population, characterized by individual farm families
living in the vicinity of the repository drawing at least some of their water resources
from the groundwater where they live; and c) a large population, characterized by a
large city partially supplied by water from a well field in the vicinity of the repository.
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All three populations are assumed to possess and use technology at a level similar to
that found in the US today.

The dose to an average individual in the three hypothetical populations is
approximately two to five orders-of-magnitude lower than the dose rate to the
conservative individual. This provides an illustration of just how conservative the use
of a conservative individual is likely to be.

IMARC Logic Trees Used

Figure ES-5 shows the logic tree used in the 'full" run, "base" case. Instead of a
continuous distribution of parameter values that a Monte Carlo approach uses, the logic
tree approach uses discrete parameter values and assigns probabilities to them. The
number of branches on the logic tree for the "full" run total 162.
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Figure ES-5. Logic tree structure for the "full" run, "base" case.

LUmItations and Expert Judgment

The NRC, in their most recent TSPA cited a few disdaimers that apply equally well to
the current IMARC effort (NUREG-1464, 1995, page 2-10,11):

Mrihe results presented in the following chapters have had limited formal review,
are based on numerous simplifying assumptions, and use only limited site-specific
data; thus, the numerical results should not be taken as representative of the
performance of the proposed repository at Yucca Mountain, Nevada. The analysis
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is also replete with uncertainties regarding conceptual models for consequences
and scenarios.

Although we strive to faithfully represent many of the important components of the
various systems processes as we understand them to behave at Yucca Mountain, our
model does not make "predictions". Instead, we present quantitative projections based
on stylized scenarios of systems behavior using a variety of assumptions.

Several obvious limitations apply to this work. First, we have used only one
calculational model for source term, waste container failure, flow, transport, and dose.
While multiple parameter values have been used to model uncertainties, multiple
models have not been used in these areas and this limitation should be recognized.

Second, in some areas we have not represented uncertainties because we believe that
they are of secondary importance compared to the uncertainties that we have identified.
This includes models of container failure (we represent the distribution of container
failures, but not the uncertainty in that distribution), net infiltration given the climate
model, hydrologic properties of the geologic layers, and some properties of
radioelements that are well-known (e.g. half-lives and initial inventories). Other
parameters are not treated as uncertain in our TSPA model but the sensitivity of dose
rates to these parameters is examined in exploratory analyses. This includes lateral
diversion, rates of infiltration, the size of failures in waste containers, sorption in the
corrosion product and backfill, and the fraction of the repository that is wet. It has
always been the position of the EPRI TSPA effort that a complete TSPA representation
of repository performance consists not only of the final calculated dose distributions,
but also of sensitivity studies showing which parameters, models and assumptions are
most critical. With this perspective we conduct as many sensitivity studies as feasible
and include in our base case results the uncertainties that matter most.

Expert judgment enters a TSPA (or any other assessment of repository performance,
including deterministic assessments) in many areas. First is in the choice of models and
assumptions used to represent the physical characteristics of the area and the
engineered features of the proposed design. Second is in the choice of parameters used
in those models and assumptions, and in the representation of uncertainties. All of our
inputs have benefited from comparisons with similar efforts being conducted by DOE,
and our consultants have adopted the perspective of encompassing the range of
reasonable models, parameters, and assumptions that have been proposed at Yucca
Mountain. Of course the judgment of all experts is guided by their education and
experience, and all experts are "biased" in the sense that they apply their own views of
scientific and engineering credibility when making choices and recommendations on
models, parameters, and assumptions. Where expert judgment was quantified for our
TSPA, this was done accounting for relevant data, published studies, and theory in the
context of the range of interpretations that could be made. The specific assignment to
all experts in the EPRI TSPA effort was to encompass and represent all credible models
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that have been proposed for Yucca Mountain in their individual assessments. In the
context of current trends in the field of expert elicitation, the consultants in this project
who provided inputs acted as "integrators," not as "proponents" of specific models.

Example Calculations

Figures ES-6 through ES-8 provide examples of calculations using the Phase 3 version
of IMARC. Figure ES-6 is a plot of expected value of the dose rate to the conservative
individual versus time for individual radionuclides that provide the majority of the
expected individual dose. For this case a mass loading of 83 MTU/acre, and MPC
(base case) containers were assumed. Figure ES-6 shows the expected value of the dose
rate to a conservative individual due to the drinking water biosphere exposure
pathway only at five kilometers downstream. The dose is assumed to be due to
contaminant release to the groundwater (gaseous release is neglected). Contaminant
release and transport requires breaching the containers, dissolution of the
contaminants, transport of the contaminants out of the containers and through the EBS,
transport of the contaminants down through the unsaturated part of Yucca Mountain
lying immediately below the repository, then five kilometers of lateral transport
through the saturated part of the groundwater system lying roughly 300 meters below
the repository. Thus, it is not surprising that essentially no dose to the hypothetical
individual five kilometers downstream occurs for several thousand years. The rapid
rise in the expected value of the individual dose rate after 20,000 years reflects our
assessment that some of the containers will have been breached and contaminants will
have had a chance to be transported 5km downstream by this time. At the time of peak
doses, at and beyond approximately 60,000 years, almost all of the containers have been
estimated to fail and the majority of the branches of the event tree are contributing to
the expected value dose rate estimate (weighted average of all the probabilistic event tree
branches).

Figure ES-6 also tells us that Np-237, I-129, and Tc-99 are the major contributors to
individual dose. Both technetium and iodine are relatively soluble so can be
transported downstream in significant quantities once the container and spent fuel rods
are breached and water is present. Neptunium, which is somewhat soluble, but also
tends to sorb onto rock surfaces as it is transported, takes much longer to reach a
maximum-on the order of several hundred thousand years.

The major conclusions that can be drawn from Figure ES-6 are that the total repository
system does an excellent job of isolating the wastes for over ten thousand years.
Further analysis reveals a host of factors that contribute to this isolation during the first
10,000 years. They are:

* Low water infiltration rate;
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* Slow container corrosion;

* Slow migration of the wastes out of the engineered barriers;

* Slow groundwater flow rates;

* Sorption of some contaminants onto the rock matrix;

After the first few tens of thousands of years the majority of the waste containers are
estimated to be breached by corrosion and the waste has an opportunity to begin
migrating downstream. During this period of peak or steady state doses, the factors
that act to reduce the individual dose rate are:

* Low water infiltration rate;

* Container failure distribution (affects Tc-99 and 1-129 doses only);

* Low flux through the container;

* Slow migration of the wastes out of the engineered barriers;

* Fraction of the repository assumed wet;

* Dilution of contaminants in the saturated part of the groundwater zone;

* Biosphere exposure scenarios assumed;

* Characteristics of the conservative individual
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Figures ES-7 and ES-8 illustrate a few of the gross sensitivity studies performed using
the Phase 3 version of 1MARC. Figure ES-7 is a plot of expected dose rate versus time
for the integrated case (based on Figure ES-5, the "base case"), and a case assuming all
of the containers were breached at exactly 1,000 years. Figure ES-7 shows that slow
container corrosion leading to breaching reduces the expected value of the dose rate for
the first 10,000 years. However, after a few tens of thousands of years all of the
containers will have failed in the "base case", too, so there is no long-term benefit due
to the containers in reducing the dose rate.

Figure ES-8 shows another sensitivity study. The "no geology below repository" curve
represents a hypothetical case where all of the geology below the repository is assumed
to be removed so that contaminants leaving the EBS are immediately assumed to
occupy the groundwater consumed and used by the individual. This figure shows that
the geology below the repository greatly reduces the expected value of the dose rate at
early times. In addition, at the time of peak and steady state doses (beyond several tens
of thousands of years), there is still some residual benefit attributed to the geology.
This residual benefit is the amount of dilution that occurs in the saturated zone part of
the groundwater system.
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Figure ES-7. Expected value of individual dose rate versus time, eight radionuclides
included. Full run (162 branches); all containers assumed to fail at 1,000 years in place

of the base case container failure distribution; all other base case models and
parameters; conservative individual; drinking water exposure pathway only; dose from

highest concentration at 5 km.
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Figure ES-8. Expected value of individual dose rate versus time, eight radionuclides
included. Full run (162 branches); radionuclides exiting the engineered barrier source
term model are assumed to enter a 1 meter-thick saturated zone ("No Geology Below

Repository'); all other base case models and parameters; conservative individual;
drinking water exposure pathway only; dose from highest concentration at 5 km.
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Conclusions

Significant improvements have been made to the previous ("Phase 2") version of EPRI's
IMARC TSPA code. This has enabled EPRI to continue to make assessments of the
performance of Yucca Mountain so that EPRI can provide guidance to EPA and NRC
on the form of the new regulations for Yucca Mountain repository performance, and to
DOE on properly prioritizing their Yucca Mountain site development work.

In the end, the problem of providing a permanent solution to disposal of HLW and
spent fuel remains. The current preferred approach is for deep geologic disposal.
Yucca Mountain is being evaluated as a candidate site. The adequacy of Yucca
Mountain as a host site must be assessed in the face of uncertainty. It is a decision
involving risk, just as countless other aspects of living in society. Quantitative
compliance assessments will most likely require an examination of the absolute values
of the dose rates (or health risks). It will be necessary for the regulator to provide
detailed guidance to the performance assessor on the acceptable approaches to issues
containing a large degree of uncertainty. This is especially true for issues regarding
future human behavior which are completely unknown, yet can have a huge impact on
calculated doses.

Let us suppose that the candidate repository at Yucca Mountain is built, and spent fuel
and HLW are placed there according to the repository design modeled by our ISPA.
We are confident that hypothetical individuals living in the vicinity of Yucca Mountain
will receive, at most, very low doses, and that this will be the case for many thousands
of years into the future. The time period of low doses is likely to exceed 10,000 years -
longer than the recorded history of human civilization. If this is considered an
appropriate measure of performance then Yucca Mountain is suitable as a permanent
HLW repository.

Beyond 10' years, our TSPA model suggests the dose rate to a conservative individual
will approach levels on par with natural background levels. Dose rates to an average
individual living in the vicinity of Yucca Mountain will remain much lower. If the
regulatory limit is a dose rate on the order of natural background levels then the
existing model almost shows compliance for even the conservative individual for time
periods beyond 104 years, as well. It is likely that further site development work and
TSPA model refinements to eliminate some large conservatisms can be made that
would further reduce projected dose rates. A wide uncertainty band will be associated
with any dose projection that far into the future, however. The NRC will have to
understand that a large portion of that uncertainty band in the TSPA will be irreducible
so will have to integrate that uncertainty into their own thoughts about reasonable
assurance.

Thus, there is reason to believe that Yucca Mountain will be suitable as measured
against a variety of (currently unknown) potential performance criteria. It is our
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conclusion that Yucca Mountain should continue to be developed and a License
Application should be prepared.
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INTRODUCTION (ROBIN MCGUIRE AND JOHN

KESSLER)

Significant resources and effort have been expended by the Electric Power Research
Institute (EPRI) over the past few years in modeling and understanding issues related
to high-level radioactive waste disposal. Previous reports (EPRI, 1990; 1992) have
documented the general model used in the EPRI work and specific inputs to that model
for examination of the potential repository at Yucca Mountain, Nevada. Modeling of
the potential Yucca Mountain site is an on-going process, and much new data are being
collected with which to evaluate and modify models of physical processes.

There are several purposes of the current report. The first is to describe the subsystem
and total system performance models that have been developed under EPRI
sponsorship subsequent to previous reports (EPRI, 1992; REI, 1992a; 1992b). This
includes a new, repository-explicit model of hydrologic flow and radionuclide
transport, dividing the repository block into different zones with different modes of
water contact and different temperature histories, new models of waste container
failure that account for horizontal emplacement and temperature/humidity effects, a
new model of the source term that represents horizontal emplacement with possible
backfill and a concrete invert, and modeling of releases and doses to humans over time
periods out to one million years. These changes affect the basic way in which
performance calculations are made and expand the measures that can be used to assess
performance (doses to humans in addition to releases of radioactivity to the
environment). Volume 1 and Section 1 of Volume 2 describe the new EPRI model,
labeled 'IMARC (Integrated Multiple Assumptions And Release Code) Phase 3'.
Having developed models of the potential Yucca Mountain site, the project participants
have gained some insight into how well those models work, on what the critical issues
are, and on what recommendations can be made to resolve critical issues in future
work.

Thus, additional purposes for the work presented in this report (in Volume 2) are: to
identify the key technical components of the candidate spent fuel and HLW disposal
facility at Yucca Mountain using IMARC Phase 3; make recommendations regarding
the the prioritization of the technical development work remaining; and provide an
assessment of the overall technical suitability of the candidate HLW disposal facility at
Yucca Mountain.
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1.1 Acknowledgments and Report Contents

Many people have contributed to development and application of the EPRI model, and
to its documentation in this report. Austin Long of the University of Arizona
developed models of precipitation and wrote Chapter 2. Stuart Childs of Cascade
Earth Sciences examined models of surface water effects and infiltration, and wrote the
first part of Chapter 3. Franklin Schwartz of Ohio State University developed the
conceptual model of groundwater percolation at the repository horizon, and wrote the
second part of Chapter 3. Modeling of repository conditions by water contact mode
and thermal history is documented in Chapter 4 by Benjamin Ross of Disposal Safety,
Inc. The containment barrier system model was developed and documented in
Chapter 5 by Daniel Bullen of Iowa State University. The model of the source term was
developed and documented (Chapter 6) by a team from QuantiSci, Inc.: Wei Zhou,
Randy Arthur, and Michael Apted. Frank Schwartz summarized issues related to
hydrological models in the first part of Chapter 7. The remainder of this section
describes the new, variably-saturated hydrology module for IMARC, written by Ed
Sudicky of the Groundwater Simulations Group. Frank Schwartz also provided
estimates of water table rise and far-field dilution in the saturated zone in Chapter 8.
The biosphere dose model used to estimate doses in IMARC Phase 3 was developed by
Graham Smith and others from QuantiSci, Ltd. The complete report supporting the
biosphere model development is found in EPRI (1996); a brief discussion of the the
results of the dose model is provided in Chapter 9. An alternate performance measure,
the use of an "average individual in the local population group", is presented by John
Kessler in Chapter 10. Kevin Coppersmith of Geomatrix Consultants developed
models of tectonics and earthquake occurrences near Yucca Mountain, and wrote
Chapter 11. Issues related to rock thermomechanics models in the near field are
described in Chapter 12 by John Kemeny of the University of Arizona. Chapter 13,
written by Mike Sheridan of the State University of New York at Buffalo, describes the
probabilistic volcanic hazard assessment exercise for Yucca Mountain.

Chapter 14 describes the overall structure of the IMARC Phase 3 model and how the
subsystem models are integrated. This section also provides a general discussion of the
assumptions and expert judgment that went into the development of the models.
Chapter 14 was written by Robin K. McGuire and John Kessler. The IMARC Phase 3
calculations were performed at Risk Engineering by John Vlasity. They are reported by
Robin McGuire and John Vlasity in Chapter 15. An analysis of the key technical
components, performed by John Kessler and Robin McGuire, is provided in Chapter 16.
A summary of the general conclusions, and recommendations for future direction, by
John Kessler are made in Chapter 17.

All of these contributors have helped develop the current version of the EPRI model
over the past few years, and any measure of success that this model has in providing
insights and guidance regarding repository issues is due to their hard work,
imagination and cooperation.
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measures of performance were developed under a separate SAIC project (RE1, 1992b).
Finally, a project supported by TESS has allowed the IMARC Phase 2 code to be
implemented on a RISC-based workstation (RET, 1994), allowing solution of larger
problems and more efficient generation of graphical output. These sources of support
are gratefully acknowledged.
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2
A TEMPERATURE AND STOCHASTIC PRECIPITATION

MODEL FOR YUCCA MOUNTAIN - PRESENT AND

FUTURE (Austin Long)

Yucca Mountain will experience significantly different climate than today's over the
next 1 million years. Even if natural conditions prevail, past climate changes and their
controlling factors virtually ensure that the future will present a variety of conditions
ranging from somewhat warmer to significantly cooler climates. However, it is
prudent to assume natural conditions will be overridden during the next few centuries
by an anthropogenic greenhouse effect. In the post-greenhouse era, natural geological
processes will again control climate, and the glacial/interglacial cycle will resume.
Compared to present climates, greenhouse conditions will bring wetter, warmer
winters and drier, hotter summers to Yucca Mountain. Glacial periods will be
characterized by cooler, wetter winters, and cooler, drier summers than present
conditions. Infiltration is best modeled in tandem with event-based simulated
precipitation which mimics real precipitation as closely as possible in terms of spacing,
clustering and persistence of storms and dry spells, as well as seasonal distribution.
The current precipitation model attempts to fill these requirements.

2.1 Introduction

One of the considerations in evaluating the integrity and suitability of a geological site
proposed for the storage of dangerous materials is the likelihood of migration of these
materials into the human environment where they could do harm Subsequent
chapters consider release and aqueous-solution transfer of radioactive isotopes which
may be stored in Yucca Mountain, well above the present-day water table. Of the
many elements in the chain of processes Involved in introducing harmful materials into
the environment near Yucca Mountain, the first is net infiltration of precipitation.
Infiltration is complex in itself, involving present and future amounts of precipitation,
characteristics of the topography, surface and subsurface features of the soil and rocks,
vegetation cover, and present and future evapotranspiration. The portion of water that
evapotranspires depends on temperature, humidity, plant cover and wind velocities as
well as the physical characteristics controlling infiltration and runoff.
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The present chapter considers only two of these variables controlling net infiltration:
present and future temperature and precipitation at Yucca Mountain and vicinity.
Subsequent chapters deal with the other elements in the chain of processes. Both
temperature and precipitation will change in the future, as they have in the past, and
the longer the timescale under consideration, the more variations anticipated. Future
climate variations will have both natural and anthropogenic driving forces.
Anthropogenic greenhouse gases, primarily CO2 and CH, may continue to increase for
a few centuries and influence climate for the next 23,000 years. Natural variability will
eventually resume dominance of the climate patterns, resulting in repeated patterns of
glacial and interglacial cycles.

Inferences for future precipitation and temperatures for Yucca Mountain are based on
past conditions, documented recurrence of past conditions, and effects of greenhouse
gases inferred from general circulation models (GCM's). This study incorporates
available climate information in the form of daily rainfall and temperature records and
summaries in the case of current climate conditions, and seasonal summaries in the case
of past climate conditions. It also utilizes greenhouse climate simulations by GCM's for
near-future greenhouse conditions, and climate inferences from the geological record
for probable future more intense greenhouse conditions. In the extended future, past
conditions are assumed to follow a pattern established during the Pleistocene glacial
period, and recorded in flora and fauna.

Past climate data are typically in the form of average temperature and precipitation
differences compared to present conditions. In some cases seasonal differences are
estimated. GCM simulations are available in seasonal or monthly summaries, usually
in the form of differences from current climates. These differences are most relevant to
the present study because this is a site-specific study, and the spatial resolution of the
current generation of GCM's limits their ability to model exact temperatures and
precipitation amounts for specified local conditions.

Although seasonal averages for temperature are useful in the present study, seasonal
average values for precipitation are of little value in modeling net infiltration. This is
apparent from the fact that infiltration depends strongly on the pattern of precipitation,
especially in arid and semiarid climates in which the potential evaporation exceeds,
sometimes greatly exceeds, the precipitation. In places where potential evaporation
exceeds precipitation, as is the case for Yucca Mountain now, net infiltration occurs
only if precipitation events are extended in time, or sufficiently closely spaced to allow
water to seep down deep enough to continue downward without complete
evapotranspiration. Only event-based (stochastic) precipitation models are applicable
to infiltration simulation under such conditions.

The present study is an extension of previous work (Long, 1992; Long and Childs,
1993), which considered the next 10,000 years, but now focuses on precipitation and
temperature changes expected at Yucca Mountain during the next million years. In
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addition, the present study takes advantage of recent advances in the understanding of
past climates and modeling of future climates. Infiltration is discussed by Childs in
Chapter 3.

Three notable differences between the previous work and the present one are: 1) the
extended time frame, from 10,000 years to 1,000,000 years; 2) the modeled precipitation
better matches actual precipitation patterns, and 3) more deterministic climate
scenarios in time steps. Long (1992) assigned relative probabilities to future climates;
the present study assigns relative probabilities to three possible climatic pathways with
different relative liklihoods.

Additional improvements over Long (1992) include a new precipitation model capable
of simulating different storm types, and the integration of Markov chains into the
recurrence probabilities of winter-type storms. The model's time base is now in the
form of days of the month. A day may or may not experience precipitation. This
allows more straightforward calibration with standard reports of meteorological data,
and verification with independent datasets. Model parameters are adjusted to match
precipitation during the various climate modes identified for future climates expected
for Yucca Mountain.

Seasonal precipitation amounts and temperatures for future climates at Yucca
Mountain are estimated from existing GCM outputs in the case of near-future
greenhouse conditions; from geological evidence of the Earth's response to even greater
levels of C02 for the extended future; and for the post-greenhouse conditions at Yucca
Mountain, seasonal precipitation and temperature are inferred from paleobotanical
responses to past glacial conditions. The intensity and duration of future greenhouse
conditions depends strongly on future technological advances in energy production
and societal responses to production technologies, energy use and control of C02
emissions. The most likely climatic pathway taken here is the more pessimistic
"business as usual" scenario in which developing countries resist emissions controls. It
is also assumed to be most likely that the greenhouse climates will affect somewhat the
timing of the resumption of the next glacial-interglacial cycle and the degree of
maximum cooling in this cycle.

The modem precipitation model was tested by comparing its output with a
precipitation dataset different from the one it was calibrated against. Agreement was
excellent. Not included in this model is the probability of extreme, very rare events,
which may not appear in meteorological records, but are recorded in the geological
record (see Baker, 1994; Kleme, 1993, Enzel, et al., 1993, Mares and Mares, 1993).

The effects of volcanic activity on climate have been significant in the geological past
during epochs characterized by extensive tectonic plate movement, volcanic activity
and evolution of CO, which built up over a few million years. Higher temperatures
than at present prevailed for several million years, then, with less active volcanism,
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gradually diminished by the formation of carbonate rocks. Present-day volcanism
induces a short-term hemispheric cooling through the addition of sulfate aerosols to the
atmosphere, which reflect solar energy. Decreased temperatures would lower
evapotranspiration, thus increase net infiltration. However, how volcanic activity
would affect precipitation at Yucca Mountain is unknown, so has not been considered
in the current model.

2.2 Methodology

Our foresight for climate at Yucca Mountain for the next million years is far from dear,
and expert opinion is far from unanimous (see, for example, DeWispelare et al. 1993).
However, several lines of evidence reveal a pattern of past climate change with
probable triggering mechanisms. These mechanisms will continue into the future, and
here it is assumed that the climate system will respond as in the past. Thus, the
approach taken here to the problem of estimating future climates at Yucca Mountain
assumes that future climates will most probably be a replay of recent past patterns,
with an important interruption. This interruption will be in the form of a greenhouse
climate brought on by industrial activity. The impact of the industrial greenhouse
effect on natural climate is problematic, but the relative probabilities of different
scenarios can be estimated. The difficulties lie in interpreting the geological and
paleobotanical records in terms of climate, evaluating past patterns and the
uncertainties involved in applying past climate data to the future.

2.2.1 Past Climates and their Relevance to Future Climates

The present global climates are anomalous in the context of the entire geological record.
The Earth has been much cooler and much warmer than in the present.
Paleoclimatologists are much less prone to comment on global moist or dry conditions,
as this depends strongly on location as well as place in time. [For example, Winograd
and others (1985) concluded that Yucca Mountain has been in the rain shadow of the
Sierra Nevada for less than 2 million years.] The western U.S. may have been wetter
during the Eocene (50 million years ago) as suggested by massive lakes in what is now
Wyoming, Utah, Colorado and Montana. Recorded history extends back only part way
within this present-day so-called "post glacial" period. However, this amicable climate
existed on Earth during perhaps only 10% of the past million years. Even during the
past 10,000 years of post glacial climates the Earth has undergone extended times of
somewhat cooler and somewhat warmer climates. (See Figure 2-1, after Crowley, 1996)
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Figure 2-1 Generalized global temperature'trends since the last glacial maximum (after
Crowley, 1996).

Records of past climates are written in the flora, fauna, and in stable isotopes in
geological deposits. Past climates are also registered in ocean sediments, polar ice
sheets, glacial deposits, lake sediments, bogs, ancient shorelines and tree rings. Short-
term climate changes, both on global and local levels, show elements of both
deterministic and chaotic behavior. For example, the causes of seasonal climate
changes are well understood, but, why an unusually wet winter may be followed by an
unusually dry one, for example, is less well understood. Similarly, climate changes
that occur on a longer time scale have components of both deterministic and chaotic
behavior. Convincing evidence supports an astronomically-driven hypothesis for
glacial-interglacial recurrences on a 100,000-year time scale. Periodicities appear at
100,000 year, 43,000 year, 24,000 year and 19,000 year time intervals, corresponding to
periodicities of the Earth's orbit eccentricity, precession and tilt with respect to the
orbital plane (Imbrie and Imbrie, 1979). Thus the astronomical forcing of glacial
periodicity appears to be related to periodic changes in the seasonal and latitude
distribution of solar energy impinging on the Earth. Yet the 100,000-year cycles of O8Q
in foraminifera are not exact images of each other, indicating that other factors as well
control the Earth's long-term climate changes. What triggered the initiation of these
cycles some 3 million years ago, and when these cycles will terminate is controversial,
though crustal plate movements and changes in ocean circulation were likely involved.

Figure 2-2 illustrates the variations in global climate, inferred from changes in stable
oxygen isotope ratios in microfaunal species over the past three million years, the
approximate time span of the Pleistocene era. The more positive values correspond to
times of maximum glacial extent in Europe and North America. A 500,000-year oxygen
isotope sequence in groundwater-deposited calcite from Devil's Hole near Yucca
Mountain (Winograd, et al., 1992) reveals a pattern similar to that found in ocean cores
for the last 500,000 years.
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Figure 2-2 8`80 variations in forminifera from deep-sea sediment cores. More positive
values indicate cooler times when greater volumes of ice were on the continents.

Stable isotopes of hydrogen in silicates may be interpreted as revealing past climate
information for the area near Yucca Mountain. Winograd et al.(1985) found that
hydrogen isotope ratios (SD) in calcite fluid inclusions became progressively depleted
in the heavy isotope from 2.5 million years to the present. They interpreted this as due
more to the progressive uplift of the Sierras, and increasing rain-shadow effect than to
temperature. Their data are consistent with those of Arehart and O'Neil (1993) who
reported SD values of hydrogen in supergene (infiltrating water produced) alunites
from Nevada. Their data span 29 to 5.3 million years ago, and show a 25 permil
decrease in SD from 15 to 8 million years ago. These data suggest that southern
Nevada climates during the mid Miocene (15 million years ago), were a few degrees C
warmer than today's climates. This is consistent with Lamb's compilation of
temperature inferences in Northern Europe for the past 30 million years, which shows a
gradual downward trend of about 100C (Lamb, 1977, p. 305). Berner's (1991) CO2
model shows a corresponding downward trend over the same time period. Figure 2-3
summarizes general trends of global temperatures over the past 100 million years, the
present, and the likely future.

3W Schematic Comparision of Greenhouse Warming With Past Climates
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Figure 2-3 Illustration of the Earth's past temperature excursions (in millions of years
to right) compared to expected future temperatures in the coming decades (expanded

time scale to left) (from Crowley [1990]).
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Evidence is accumulating that our present climate is increasingly affected by human
activities. Suspected anthropogenic products include carbon dioxide and other gases
and their reaction products that affect the radiation balance between Earth and space.
Computer model based projections of the current and probable future industrial CO2
output predict that atmospheric levels will rise rapidly for the next century or two,
then, over a period of several hundred to a few thousand years, very slowly return to
pre-industrial levels not affected by anthropogenic carbon dioxide. The uncertainty in
the maximum level is a consequence of the uncertainty in the degree of self-imposed
restraint in future industrial production of CO2, and in the kinetics of the Earth's
resorption of CO2 by Earth processes. The slow return to pre-industrial levels is owing
to the long residence time of CO2 in the atmosphere. Although the ocean is the major
reservoir of carbon in its rapid response-time cycle, the capacity of the ocean for
absorbing carbon is limited. Ultimately, the atmospheric CO2 will be reduced by
formation of CaCO3 minerals and their burial by geological processes. (See Berner
[1991], for elaboration on the regulation of the global carbon cycle.)

Intense volcanic activity associated with tectonic processes in the geological past has
increased levels of atmospheric CO2and produced warm global temperatures. A
geological example with levels of CO2 possible in the next few hundred years occurred
during the Cretaceous 150 to 60 million years ago. During this time CO2 levels may
have exceeded 6 times present level, and the temperatures rose on average 80C higher
than today's. These atmospheric CO2 levels and temperatures are from Berner's (1991)
models. Cerling (1991), based on isotopic data from paleosoils, independently arrived
at a comparable or even higher CO2 level (up to 10 times the 300 ppmv level during the
Cretaceous. Yapp and Poths (1996) inferred similar high levels of atmospheric CO2.

The temperature and precipitation estimates for the future at Yucca Mountain and
vicinity assume that future climates will be greenhouse conditions superimposed on
continued natural glacial/interglacial (pluvial/interpluvial) climate modes. The
specific site estimates, in terms of degrees Celsius and per cent differences in
precipitation are based on paleobotanical and general circulation models (GCM's). It is
important to realize that climate is very location specific. It depends not just on latitude
and elevation, but on nearby topography and bodies of water. Paleobotanical climatic
inferences must therefore be based on local studies, and should take into account
landscape differences. GCM's do not yet have sufficient spatial resolution to produce
satisfactory results in mountainous terrain. Meteorologically, Yucca Mountain lies in
the rain shadow of the Sierra-Nevada mountain range. Consequently, inferences from
the geological past must consider that the Sierras have been rising during the past few
million years. Correspondingly, estimates of future climate must consider possible
future landscape changes. Future tectonic uplift of the Sierras, based on opinion of
geophysicists at the University of Arizona, is likely to continue to be slow, possibly
compensated by erosion, with little net change in altitude during the next few hundred
thousand years.
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2.2.2 Paleobotanical Data

Here we assume the differences in temperature and precipitation experienced during
the last glacio-pluvial maximum, about 18,000 years ago, compared to modem
temperature and precipitation in the mountain ranges in southern Nevada (Spaulding,
1985), apply to future glacial conditions at Yucca Mountain. The assumption here is
that temperature and precipitation differences between climate conditions are not
strongly altitude dependent. In other words, the same temperature difference between
full glacial and post glacial in nearby mountain ranges applies to Yucca Mountain.
Spaulding's conclusions are based on comparisons of plant species growing today
under certain conditions of temperature and precipitation with altitudes of the same
plant species found in radiocarbon-dated packrat middens at lower altitudes. From
this, and present-day altitudinal effects on temperature and precipitation he inferred
maximum climate change since the last glacial maximum in the southern Nevada area.

The seasonal climate differences for full glacial conditions Spaulding (1985) reported
are, with respect to present-day climates:

* Winter temperature: at least 6 K cooler

* Summer temperature: 7 to 8 K cooler

• Annual temperature 6 to 7 K cooler

* Winter precipitation: 60 to 70% wetter

* Summer precipitation 40 to 50% drier

I Annual precipitation 30 to 40% wetter

Note that these conditions apply to maximum glacio-pluvial climate conditions. Stable
isotope trends in ice-cores and marine microfauna indicate that the Earth spent only a
fraction of the Glacial Era in the full glacial mode (see Figure 2-2). Accordingly, the
future climate values suggested in the present study are scaled proportionally with the
stable isotope values to infer climates in a time sequence.

2.2.3 Challenges of Future Climate Prediction

It is improbable that, except for brief intervals, the Earth's climate during the next 1000,
10,000,100,000 or 1,000,000 years will replicate that during human-recorded history.
The geologic record reveals major divergences from the present climate. These
differences from present climate are better understood in terms of their effects on
geography, flora and fauna than in terms of their causes; however, viable hypotheses
are available to explain causes. Based on the current level of understanding of driving
forces of climate variation, it is possible to estimate future climates. The current study
attempts to summarize the determinants of past climates, evaluate how these may be
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operating now and in the future, and produce a timeline of one most probable and two
less probable sequences of future climate scenarios.

The most imminent of future climate changes may already be underway (Schneider,
1994; Mitchell et al., 1995). Although skeptics persist (see, for example Parsons, 1995),
their arguments are more strident than substantial (Schneider, 1996). Products of
industrial activity, most notably CO2, SO21 and CH4, affect the reflectivity of the Earth's
atmosphere. The net effect of these is warming of the troposphere. The assignment of
climate response to industrial products in the atmosphere is not straightforward.
Earth-system response is extremely complex, involving trace gases and aerosols at
different levels in the atmosphere, feedback effects of additional water vapor in the
atmosphere, possible shifts of atmospheric circulation patterns, changes in the polar ice
budgets, sea-level and circulation, and no doubt other more subtle but important
processes and effects.

Two approaches have been taken in an attempt to characterize the most imminent of
future climate changes. One is to look to the past when the Earth experienced higher
levels of atmospheric CO, The other is the employment of models which attempt to
simulate the Earth as a dynamic system. Both approaches have their advantages and
limitations. However, if both are mutually consistent in their scenarios, we have
greater confidence in their predictions.

2.2.4 General Circulation Models (GCM's)

General circulation climate models attempt to simulate present and future climate.
These models operate on the same principles as weather-forecasting models, in that
they apply the physics of solar heating of the atmosphere, continents and oceans, the
exchange of heat and mass between oceans and atmosphere, the circulation of water
and air masses, and heat and mass exchange. In these models seasons change, and
water evaporates and precipitates. Topography and air and water circulation attempt
to simulate the operation of the Earth's climate and weather systems, driven as
"naturally" as possible by solar energy, gravity and Earth's rotation.

In principle, these models could simulate the climate system as an artificial alternate
Earth. In practice, the available computing power (they presently run on workstations
and super computers) limits spatial resolution, and some important details of
atmospheric dynamics. Also, an inherent characteristic of air circulation precludes a
deterministic prediction of weather: seemingly minor perturbations can result in major
changes in the overall system behavior. Atmospheric chaos requires the atmospheric
weather system to make a series of probabilistic decisions in a time-space progression.
This is why weather forecasts in many temperate zones (where chaotic processes are
common) are often valid for only a few days into the future.
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Although the day-to-day behavior of the weather in temperate zones is not responsive
to long-range forecasts, the general trends of seasonal changes are predictable. It is still
not possible to predict with certainty that next winter will be unusually cold or wet, but
probabilities can be stated based on past experience. In the case of very long-range
predictions, as are attempted here, long-term climatic trends of the past and GCM
outputs are called upon to estimate future climates and climate changes.

The GCM experiment outputs available in the literature, and utilized in this study,
have modeled the climate perturbations induced by increased atmospheric CO2
contents and by the return of glacial/pluvial climate conditions (Kutzbach et al., 1993)
The results of GCM runs for future climate, like weather forecasts, must be taken with
an understanding that though they are the best now available, they are far from perfect.
For example, of the four GCM outputs examined for the present study (as summarized
in Robinson, 1993), all showed wide differences in their conclusions on the temperature
and precipitation effects greenhouse warming would have on Yucca Mountain. It was
concluded that for this analysis the best approach was a non-judgmental one: take the
average. Another deficiency with the GCM's is their near universal overestimation of
precipitation (Hostetler and Giorgi, 1995; Robinson, 1993). Evidently, this follows from
the fact that the models produce precipitation as soon as humidity reaches 100%. In
reality, clouds are clusters of suspended droplets, or potential rain. Therefore, this
analysis uses only differences in GCM-produced precipitation between present and
modeled conditions, as did Hostetler and Giorgi (1995) and Wigley (1993).

Virtually all GCM's that estimate climate conditions influenced by enhanced
atmospheric CO2 assume a CO2 level twice that of pre-industrial levels. Carbon-cycle
models predict that unless severe restrictions are soon placed on global emissions of
CO2, the atmospheric levels of CO2 will exceed 4 times the pre-industrial level
(Trabalka, 1985; Walker, 1991; Enting, et al., 1994). The atmospheric CO2 level may well
exceed, possibly by far, the 2xCO2 level. Although GCM outputs are not readily
available for higher levels, the real-Earth experiment has already been performed.
Unfortunately, it was performed millions of years ago when the geography, both global
and near Yucca Mountain, was different. Some geological evidence suggests (Covey, et
al. 1996) that at least the temperature part of the climate response is positive with
respect to CO2 levels. Responses are linear with respect to CO2 levels in the
atmosphere. Temperatures increase, and winter precipitation increases while summer
precipitation decreases with increasing CO2 forcing.

To a certain extent these principles can be applied to the study of paleoclimates. Taylor
(1994) gives an excellent summary of several classes of climate models as applied to
past climates. Broccoli (1994) discusses the application of climate models to future
climates.
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2.2.5 Greenhouse Climates In the Geologic Record

"...the geological record gives us the only 'observations' of global change with
magnitude comparable to that forecast for the next century by conventional
wisdom models" - Covey (1995)

Crowley (1990,1993) convincingly argues that although the geologic past presents no
exact analogs for the future greenhouse climates, at least the geologic record
demonstrates that times in the past that were significantly warmer than at present
corresponded to higher global temperatures. This is consistent with the hypothesis of
increased levels of atmospheric CO2 trapping a larger fraction of infra-red energy in the
troposphere.

Although the Earth was formed about 4.5x109 years ago, the geologic record of a clear
sequence of life-forms begins with the Paleozoic, about 0.6x109 years ago. During this
extensive time range, liquid water existed on the Earth's surface, as did primitive life
forms. It now seem likely (Kasting and Toon, 1989) that the Earth's atmosphere
contained CO, which maintained the Earth's surface temperature within limits
throughout most of its existence, despite an increasing solar energy output with time.
Atmospheric CO2 levels reached at least 6 times pre-industrial levels as recently as
during the Cretaceous Period 100 million years ago (Berner, 1991; Cerling, 1991; Yapp
and Poths, 1996), as discussed above.

Crowley (1990) and Covey et al. (1996) have discussed the necessity and validity of
employing geologic analogs to estimating future impacts of industrial greenhouse gases
on the Earth's climates. Geological analogs are valuable to show not only that the Earth
has seen much higher levels of CO2 and survived, but also indicate the general climate
changes that were associated with such high levels. The present study uses the
geological analogs to extrapolate the conclusions of GCM's.

Wigley (1993) placed an upper limit of CO2 concentration at 1000 ppmv. The reason
given for this was that the higher concentrations would dissolve shell materials, thus
would destroy marine ecology. The basis for this statement was not clear in this
reference. However, the abundance of fossil shells in the Cretaceous Period, (100
million years ago) when the atmospheric levels were "probably on the order of
between 1500 and 3000 ppmv" (Cerling, 1991), and in the Cambrian Period (early
Paleozoic, 550 million years ago), during which time Berner (1991) suggests
atmospheric CO2 levels most likely reached 18 times present-day levels. Cerling's
conclusions are based on stable isotopes in soil carbonates, whereas Berner's data are
based on tectonic models. These two independent approaches agree on the Cretaceous
levels.

2-11



A Temperature and Stochastic Precipitation Modelfor Yucca Mountain - Present and Future

2.2.6 Climate Changes During the Last Three Million Years

Figure 2-2 illustrates global climate changes as recorded by the stable oxygen isotope
ratios in marine microfauna during the Pleistocene Epoch. The Pleistocene is often
referred to as the glacial age. Lower values of 8V80 (i.e., more depleted in the heavy
isotope - note inverted vertical scale) indicate times of less ice on continents, and
hence higher global temperatures. These would be the interglacials. Glacial periods
are recorded as more positive V8O values. Ages of the deep-ocean sediments have been
assigned by radiometric and paleomagnetic dating. Spectral analyses of the 8180

variations in the time domain show frequencies which correspond to periodicities of
the so-called Milankovich insolation cycles. This is the fundamental evidence for
astronomical triggering of glacial-interglacial cycles on the Earth (Imbrie and Imbrie,
1979). Similar cycles with a near-matching chronology appear in 8100 variations in
vein-filling calcite at Devil's Hole near Yucca Mountain (Winograd, et al., 1992),
suggesting that these astronomical cycles affected the climate in the Yucca Mountain
vicinity as well. Climates in other continental areas were evidently affected also. For
example, Colman et al. (1995) illustrate variations in diatom silica contents from Lake
Biakal that show correspondence to orbital periodicities.

2.2.7 Solar Activity and Climate

Because the Sun is the source of virtually all of the Earth's energy, variability of its
output on a scale of decades to centuries, or even millennia would be of interest in
forecasting future climates. Changes on a much longer, solar evolution time scale, are
theoretically likely, but not considered here. Long-term (on a scale of billions of years)
changes in solar energy output are probably not important if on these time scales, the
Earth's climate is regulated by global tectonic and sedimentation processes (Kasting
and Toon, 1989, Berner, 1991).

Correlation of climate with Sunspot occurrences has been a tempting exercise. Kerr
(1995) reviews briefly the history of correlations of climate with 11-year Sunspot cycles.
He summarizes recent reports of observations of pressure increases and greater ozone
production with increased solar energy output. He also notes that solar energy output
was minimal during the Little Ice Age of the 17r century. Most who are familiar with
the field agree that solar energy differences shown in the 11-year cycles are of minor
importance in affecting global climates (e.g., Covey, 1996). However, Haigh (1996)
noted that solar energy arrives in specific wavelengths, which can induce specific
photochemical reactions, which in turn may affect the hydrological cycle, planetary
waves, or atmospheric circulation. Haigh tested this with an atmospheric circulation
model, and concluded that the 11-year solar cycle did produce shifts in storm tracks
similar to but smaller in magnitude than those observed in nature. For the present
study this source of weather variability was considered to be of secondary importance.
Crowley and Kim (1996) found statistically significant positive correlations between
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solar irradiance changes and northern hemisphere temperature changes over the past
400 years. They suggest that solar energy output may be responsible for a significant
portion of the temperature changes during the Little Ice Age (AD 1350 to 1850). A
stronger energy variation of Solar origin comes from solar flares (Damon, 1992).
Projections of the periodicities of solar-flare output indicate that solar-energy changes
will enhance the greenhouse effect well into the next century.

2.2.8 Future Temperatures

Karl, et al. (1995) discussed recent trends in climate indicators, specifically those
believed to respond to forcing by greenhouse gases. GCM's predict that in addition to
increasing temperatures, a cluster of other meteorological parameters would be
expected to accompany increasing greenhouse gases. These include:

1. The increase in mean surface temperature would be more pronounced in the winter,

2. An increase in precipitation in the winter,

3. More severe and longer-lasting droughts, particularly in the warm season,

4. A small, but significant increase in night-time temperature compared with daytime
temperature, particularly during the warm season,

5. A greater portion of warm-season precipitation derived from heavy convective
rainfall, compared with gentler, longer-lasting rainfalls,

6. A decrease in the day-to-day variability of temperature.

The authors evaluated these criteria in light of recent weather records. They concluded
that the chances that the meteorological trends observed in recent years are due to
statistical chance alone is only 5 or 10%. That is, the chance these changes are due to
greenhouse gases is 90 to 95%. Mitchell, et al. (1995) reached a similar conclusion.

It is not known how far into the future industrial gases will affect climates. Several
relevant questions are simply unanswerable now. What is known is that COC2, which
warms the troposphere, has a long residence time in the atmosphere, and SO2, which
cools the troposphere, has a relatively short residence time. This means that in the
more unlikely future pathway, a technological innovation introduces an alternate
energy source, which emits no problem gases, or toxic produces, and which is cheaper
than fossil fuels and would be available to developing countries, and changeover is
essentially instantaneous, then the cooling effect of S°2 will rapidly decline, allowing
the warming effect of CO2 to continue uninhibited (Andreae, 1996). The long residence
time of CO2 in the atmosphere will maintain the greenhouse effect for hundreds or
thousands of years. Thus, the question of the future rate and amount of industrial
emissions is unanswerable. A more likely pathway is developing societies will
continue to industrialize, resist external controls on their expansion and consumption of

2-13



A Temperature and Stochastic Precipitation Modelfor Yucca Mountain - Present and Future

fossil fuels, and continue to produce industrial gases until their costs and availability
become prohibitive. Estimates of fossil fuel consumption for the next century range
from optimistic (slight increase or decrease) to factor-of-ten increase. Resulting
atmospheric CO2 trajectories would fall between leveling off near present levels and
rising to 1500 parts per million by volume (ppmv) (about 5xCO2) within the next 100
years (Trabalka, 1985). The ultimate impact depends on how soon and how effectively
the industrial nations will take action.

Another unanswerable question is: what impact will greenhouse warming have on
natural climate cycles? If global temperatures rise well beyond levels experienced
during the Pleistocene, as now seems likely, will the Greenland ice sheet and/or the
West Antarctic ice sheet disappear, thus possibly interrupting the glacial/interglacial
cycles? Or will the increased heat and atmospheric water-vapor content create much
greater high-latitude precipitation and a net accumulation of snow, producing a
permanent ice age? Most probably the impact of high atmospheric CO2 levels lies
between the extremes. The greenhouse effect will most likely subdue the next
scheduled glacial period, but allow eventual resumption of the natural cycle. The
present study attempts to evaluate probabilities of each of these climatic scenarios.

2.3 Previous Estimates of Present Infiltration at Yucca Mountain

Because of the interest in Yucca Mountain as a potential site for high-level-nuclear-
waste repository, and the need for evaluating the potential for water infiltrating and
conducting radioactivity and toxic elements into the environment, considerable effort
has gone into estimating future climates and infiltration into Yucca Mountain. This
section summarizes previous approaches to future climates, and compares these with
the approach presented here.

Craig and Murphy (1989) estimated the probabilities of future climates for the next
10,000 years based on a statistical analysis of climates during the Quaternary Period.
As their analysis was constrained by NRC 10CFR60, it included no greenhouse
scenario. As discussed above, most climatologists believe greenhouse-gas-induced
climate alteration is not only inevitable, but may already be underway.

Dickinson, et al. (1989) generated a community climate model (CCM) nested within a
GCM to simulate precipitation at Yucca Mountain. Simulated modern precipitation for
the CCM is in better agreement with measured values than those from the GCM. Their
model yielded present-day infiltration rates up to 0.02 mm/day, which is about 7.3
mm/year. This is almost twice the value assumed by Sinnock, et al. (1987), and over an
order of magnitude greater than the 0.5 mm/yr value of Montazer and Wilson (1985).

The experiments of Dickinson, et al. (1989) do not extend to future climates. This,
however, is an excellent example of a first-principles approach, which, as GCM/CCM
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capabilities improve, will be able to simulate present and future climates with high
integrity.

The EPRI Phase 2 Model (McGuire, et al., 1992) presented results of a series of
simulations related to high-level waste storage at Yucca Mountain. The series started
with a chapter describing event-based precipitation simulated on a seasonal (winter
and summer) basis for current climate, greenhouse climate. Full-glacial climate, and 3
levels of climate intermediate between modem and full glacial. Each of these climate
modes was given a probability for the next 1000 years and for the time frame 1000 to
10,000 years after present. These probabilities were based on the relative amount of
time the Earth spent in similar climate modes over the past few hundred thousand
years. These time partitions were inferred from the stable oxygen isotope ratios shown
in Figure 2-2. Modern precipitation events were distributed exponentially in time and
exponentially in precipitation depth, and calibrated to give the present-day seasonal
average precipitation. Greenhouse modeled temperatures and precipitation were
adjusted according to general circulation model predictions. Glacial (pluvial) episode
precipitation and temperatures were adjusted according to paleobotanical indicators.
The precipitation model output fed into the infiltration model for calculations of net
infiltration. The modeled modern net infiltration was about 1 mm/year.

The limitations of this model were 1) it was unable to manage more than a single storm
type, and 2) it had no capability of producing Markov-chain storm sequences, which
are known to characterize many rainfall events. The present generation of rainfall
simulation models addresses these limitations.

2.4 The New EPRI Model for Future Climates at Yucca Mountain (IMARC Phase 3)

Goodess and Palutikof (1993) presented three future climate scenarios as possible
responses to increasing CO2 and its impact on the continuation of the
glacial/interglacial cycle. Although these scenarios are written for the United
Kingdom, and details of temperature and precipitation apply to that region, the
fundamental driving forces are global. It is possible to infer how these global processes
would affect climate at Yucca Mountain. This assessment accepts what Goodess and
Palutikokof consider the Earth system's most likely response to excess atmospheric
carbon dioxide, the intermediate one, and customizes it for Yucca Mountain (Table 2-1).
The extreme Goodess and Palutikof climate responses, on either side of the most
probable one, are given as less probable scenarios. Their three scenarios are:

1. The greenhouse effect will be relatively short, about 1000 years, then the climate
will resume according to the climate pattern established in the past several
hundred-thousand years [less probable].

2. The greenhouse effect will, for several thousand years, affect the resumption of the
glacial/interglacial pattern by suppressing the next full-glacial. Subsequent
glacial/interglacial cycles will be unaffected [most probable].
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3. The greenhouse effect will cause the Earth's climate system to fall into an
irreversible permanent greenhouse state. Pleistocene glaciations will terminate [less
probable].

Other responses, here considered unlikely enough to be treated as having zero
probability in the current EPRI model, include: 1) that high levels of CO2 will increase
the amount of atmospheric water vapor, whose precipitation will feed polar ice sheets
faster than they can melt, thus triggering a permanent glaciation (Miller and Vernal,
1992), and 2) the Earth will respond in an organic manner to compensate for whatever
additional stresses are placed on it, a simplified statement of the Gaia hypothesis
(Lovelock, 1979).

Regarding the permanent ice sheet suggestion, this cannot be disproved, as the Earth
has not run this exact experiment before (continents were not in the same position
during the Cretaceous, when atmospheric CO2 levels were several time present level);
however, a modeling exercise by Ledley and Chu (1993) suggests this is unlikely to
happen.

Regarding the Earth's organic response to increasing CO2, this will happen in an
inorganic sense, but it will take a long time. The Earth has evidently been self-
regulating its atmospheric CO2 level through the tectonic/volcanic (C0 2-producing) vs.
CaCO3-precipitation/sedimentation (C02.sequestering) cycle. The concept is that
volcanogenic CO2 warms the air, creates more precipitation, thus enhances the
weathering rate of Ca, which promotes the formation of CaCO3, which, in turn, reduces
the CO2 . Enting et al. (1994) summarize the results of 18 models for the response of
atmospheric CO2 to various industrial output scenarios. All the models reveal limits to
the ocean's absorptive rate and short-term capacity. The Earth can control the CO2
level, but on a much longer time-scale (millions of years) than would be useful to
preserve the current conditions comfortable for humans.

Regarding scenario 3, above, in which excess greenhouse warming terminates the
dacial/interglacial cycles, Goodess and Palutikof consider this the least likely.
Modeling by Berger, et al., (1991) suggests that the Greenland ice sheet is robust. Even
if a significant portion melts under severe greenhouse conditions, it is likely to reform
when CO2 levels fall.

In the current model, three scenarios are considered. These follow closely, with some
modification and customization for Yucca Mountain, the three scenarios presented by
Goodess and Palutikof (1993). The next section elaborates on these climate sequences.

2-16



A Temperature and Stochastic Precipitation Modelfor Yucca Mountain - Present and Future

2.4.1 Assessment of Relative Probabilities of Alternative Future Climate
Scenarios

Table 2-1 summarizes the three climate scenarios of Goodess and Palutikof (1993),
modified for Yucca Mountain. The conversion of terms for British climate types to
terms employed here for Yucca mountain are shown below:

BRITISH CLIMATE TERMS YUCCA MOUNTAIN TERMS

Subtropical

Temperate

Boreal

Periglacial

Glacial

Greenhouse

Modern

1/3 FGM

2/3 FGM

3/3 FGM

Table 2-1.
Alternate Global Climate and Atmospheric CO. Sequences

2000 - 2100 500ppm (2xCO2) 500ppm (2xCO2) 500ppm

2100 - 2500 500ppm (2xCO.) 900ppm (peak>1000) 900ppm

2500 - 5000 270ppm 750ppm 750ppm

post greenhouse

5000-10,000 270ppm 650ppm 650ppm

10,000 - 25,000 270ppm 270ppm 270ppm

post greenhouse post greenhouse;

glacials terminated

25,000 - 50,000 2/3 full glacial 1/3 full glacial270ppm

est. 210ppm est. 240ppm

50,000 - 65,000 3/3 full glacial 2/3 full glacial 270ppm
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est. 180ppm est. 210ppm

65,000 - 90,000 1/3 full glacial 1/3 full glacial 270ppm

est. 240ppm est. 240ppm

90,000 - 100,000 interglacial interglacial 270ppm

270ppm 270ppm

100,000- 1/3 full glacial 1/3 full glacial 27Oppm
140,000

est. 240ppm est. 240ppm

140,000 - 2/3 full glacial 2/3 full glacial 270ppm
155,000

est. 21ppm est. 210ppm

155,000 - 3/3 full glacial 3/3 full glacial 270ppm
165,000

est. 180ppm est. 180ppm

165,000 - 2/3 full glacial 2/3 full glacial 270ppm
190,000

est. 210ppm est. 210ppm

190,000- interglacial interglacial 270ppm
200,000

270ppm 270ppm

270ppm

* Climate and time sequence repeats the last 100,000 to 200,000-year AD cyde until
1,000,000 years into the future.

The climate sequence 2, shown in Table 2-1, is here considered to represent the most
probable future conditions at Yucca Mountain. Sequences 1 and 2 represent less likely
but possible future conditions. This assessment is based on current understanding of
the Earth's climate system behavior, past and present, and on general circulation
models (GCMs) of the Earths climate system behavior. These models summarize the
current state of understanding of the physics and dynamics of solar energy balance, air
and ocean circulation, heat exchange between the ocean and atmosphere, and
hydrologic cycles.

Some aspects of the Earth-atmosphere-ocean dynamics are not exactly predictable. For
example, weather prediction a few days into the future is imprecise. This is owing to
the sensitivity of chaotic systems, such as air and ocean circulation on certain scales, to
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small perturbations. Modelers often refer to this as the "butterfly effect". This effect
also applies to GCMs. Small changes in the initial conditions, assumptions or
constraints can lead to quite different conclusions. Consequently, climate possibilities
other than those presented in Table 2-1 cannot be precluded. Indeed scientifically, one
can rarely completely rule out any reasonable hypothesis, i.e. one that does not break
physical laws.

The relative probabilities assigned to the scenarios given above are as follows:

* Scenario 1: 0.25 (Greenhouse has no effect on next glaciation.)

* Scenario 2 0.70 (Greenhouse affects onset and magnitude of next glaciation)

• Scenario 3 0.05 (Runaway greenhouse), possibly accompanied by melting of the
Greenland ice sheet.

Not evaluated in detail is a fourth scenario, the possibility of the greenhouse triggering
a glaciation. This is considered to have a very small likelihood, and is assigned a
probability of zero for the present analysis.

2.4.2 Description of the Stochastic Precipitation Model

Event-based, or stochastic models are appropriate for input to infiltration or flood-
frequency simulations because they more closely emulate natural processes than do
values for average seasonal or monthly precipitation. This is especially important in
cases of arid and semi-arid climates in which the potential evaporation exceeds annual
precipitation. In these cases, if precipitation were evenly distributed throughout the
year, season or month, no infiltration or flooding would occur. It is the clustering of
precipitation events that enables infiltration. Thus, hypothetically, at a particular site,
with a given average annual rainfall, a wide range of infiltration amounts is possible,
depending on the time distribution of precipitation. For this reason, the stochastic
model must, inasmuch as possible, mimic natural rainfall distributions.

Most continental temperate zones have complex meteorology. The Yucca Mountain
vicinity is no exception. Hevesi, et al. (1996, in press) have identified 5 distinct storm
types that contribute precipitation to Yucca Mountain. Each of these types can have
distinctive properties in terms of recurrence intervals, persistence characteristics, mean
rainfall amount per day, and season of occurrence. Thus the model should contain a
selected mixture of mathematical functions to simulate the various storm types in the
appropriate seasons. A model must also be able to produce the year-to-year variability
found in nature. For example, Hevesi, et al. (personal communication, 1996) in an
analysis of 53 years of rain-gauge records at 12 stations in the Nevada Test Site area,
found the average water-years ranged from 70 to 370 mm/yr.

The previous precipitation model (Long and Childs, 1993) served to illustrate the
stochastic approach to precipitation/infiltration modeling at Yucca Mountain. This
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previous model addressed the question of climates for the next 10,000 years. Its
precipitation component was limited, however, in that it assumed a simple exponential
amount and distribution for all events, with spacing between events exponentially
distributed as well. It did not incorporate Markov chains for modeling persistent
storms. It was able to simulate the average modem rainfall, but it imperfectly
simulated the distribution of different depths of events. It overestimated the midrange
and small events. A further disadvantage of this model was that it did not have a
straightforward daily precipitation output that could be compared with the standard
daily meteorology station precipitation records.

The present model is completely new. It was constructed using GPSS/H', a language
designed for modeling event sequences and cueing in industrial processes. The model
now incorporates most features associated with precipitation events, including
persistence of storms over a sequence of days (Markov chains), as well as several
different functions corresponding to the different storm types in the Nevada Test Site
area. The rainfall model is actually two separate models, one each for Winter and
Summer.

The winter model is the more complex in that it contains four functions that represent
four storm types. Each can be adjusted for relative probability of occurrence and for
mean rainfall for all events that follow that function. The fraction of days without rain
is also adjustable. A fourth-order Markov chain is also built into the model, which
allows for the possible occurrence of a sequence of days with rain. The summer model
produces events with depths following a simple exponential function, and Poisson
distributed in time, as L. Duckstein (personal communication) finds summer-type
storms to follow in southern Arizona.

The model's time base is day-by-day for one month at a time. This allows simple
calibration with existing meteorological data, which typically are available on a daily
(24-hour) basis. The model was calibrated on the most comprehensive and lengthy
meteorological database available for southern Nevada (French, 1983, 1985, 1988).

The modem output was tested on a dataset produced by Alan Flint and Joseph Hevesi
from rain gauges on the Nevada Test site near Yucca Mountain. This is an independent
dataset from the one used to calibrate the precipitation model. The new precipitation
model was able to reproduce the depth/recurrence pattern of the Flint and Hevesi
Yucca Mountain dataset.

'Wolverine Software Corporation, 7617 Little River Turnpike, Suite 900, Annandale, VA 22003-2603 USA /
wolverinecintr.net
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2.4.3 Model Implementation

Stochastic precipitation models provide simulated precipitation that emulates real
systems at specific localities. One use of stochastic precipitation models for present-day
climate is that they can be run for as long as needed as an input to river-system flow
models to estimate the recurrence intervals of various levels of floods. Recently,
stochastic precipitation models have been used with GCM's to estimate the effects of
greenhouse warming on precipitation in parts of N. America. Matyasovszky et al.
(1993), employed a local model nested within a GCM to simulate precipitation in
Nebraska for 2xCO2 climate conditions. This is an approach that attempts to work
around the spatial resolution limitations of GCM's. This model revealed that the
number of wet days remained nearly constant, while seasonal precipitation increased
and became more variable. It is not known if this observation applies to Yucca
mountain, but in light of no indications otherwise, it was assumed in the present study
that the number of wet days remained constant for the various climate scenarios, and
only the amount of rain in wet days was varied.

2.4.4 Model Results

Table 2-2 summarizes the most probable temperatures and seasonal precipitation
amounts expected for a sequence of time frames during the next 1 million years.
Twelve stochastic precipitation models were developed, corresponding to winter and
summer for each of the 6 climatic scenarios. These six include modem (same as
interglacial), 1/3 full glacial, 2/3 full glacial, 3/3 full glacial, 500ppm CO2 greenhouse
and 900ppm CO2 greenhouse. Model outputs, consisting of 924 months (-150 years) for
each climate mode, were transferred to the infiltration model.

Not shown explicitly on Table 2-2 are temperature and precipitation estimates for
climate sequences 1 and 3. However, temperature and precipitation can be estimated
for sequences 1 and 3 from the respective climate modes (1/3 full glacial, 750ppm CO2,.
etc.).
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Table 2-2.
Future Climate Time Line for Yucca Mountain Climate Sequence 2 (From Table 2-1).

Ye;arsAD Avge.i Atm CO2 W e e W e Su ErA
4 ~ lve epemm prdprp

2000 to 2100 500ppm (2xCO2 ) +1.2 0C +1.3 0 C +4% -2%

2100 to 2500 900ppm +4.0C +4.80C +14.8% -7.4%
_______________ ((peak>1000)

2500 to 5000 730ppm +2.40C +2.60C +8.0% -4.0%

5000 to 10,000 650ppm +2.0C +2.20C +6.8% -3.4%

10,000 to 25,000 270ppm, post GH [10.7-C, [25.7-C, 100mm 57mm
mod.]* mod.-* "M dernl* 'modernm*

25,000 to 50,000 1/3 full glacial -2.0OC -2.50C +22% -16%

50,000 to 65,000 2/3 full glacial -4.0OC -5.0C +44% -32%

65,000 to 90,000 1/3 full glacial -2.0OC -2.50C +22% -16%

90,000 to 100,000 interglacial 0.00C 0.00 C 0% 0%

100,000 to 1/3 full glacial -2.0C -2.50C +22% -16%
140,000

140,000 to 2/3 full glacial -4.0OC -5.0C +44% -32%
155,000

155,000 to 3/3 full glacial -6.0OC -7.50C +66% -48%
165,000

165,000 to 2/3 full glacial -4.0OC -5.00 C +44% -32%
190,000 _

190,000 to interglacial 0.00C 0.00C 00/0 0O/

200,000

I 1 1 1 I I

* This time frame represents the post-greenhouse extended interglacial, considered to be the most
likely scenario by Nirex'. Following French's (1985) division of months into winter (Oct. Nov, Dec. Jan,
Feb, Mar, Apr) and summer (May, June, July, Aug., Sept), and Diaz's (1993) summary of modern
temperature data for extreme southern Nevada, today's average winter temperature is 10.70C, and the
average summer temperature is 25.70C. French (1985) reports 100 mm/yr for the 7 months of winter
precipitation, and 57 mm/yr for 5 summer months for the Nevada Test Site. This is lower than the 170
mm annual value Flint finds for the last two or three years. However, the most recent years may be
anomalous due to an El Nino effect on precipitation and the current anthropogenic CO, effect on
temperatures. Note that other values shown in table are given with respect to these presumed modern values.

'UK Nirex Ltd., sponsors of the series of climate-change reports authored by C. M Goodes and
J. P. Palutikof.
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I Climate sequence repeats the last 100,000 to 200,000-year AD cycle until 1,000,000 years into the
future.

2.5 Extreme Precipitation Events In the Geological Record

Direct measurements of extreme precipitation events that occur very rarely, are often
not available. The paleoflood literature reports the manifestations of these events
(Martfnez-Goytre, et al., 1994; Ely, et al., 1993; Enzel, et al., 1993). These indirect
records of paleofloods allow the estimation of storm magnitude and statistical
recurrence intervals. Paleoflood analysis is not available for the Yucca Mountain
vicinity, but such studies have been recommended by the National Research Council
(1994). 1 concur with the National Research Council's recommend that the techniques
outlined in Martinez -Goytre, et al. (1994) and Ely, et al. (1993) be applied, if possible,
near Yucca Mountain. If successful, such a study would yield site-specific information
about past major rainfall events in the Yucca Mountain vicinity.

In the absence of paleoflood studies specifically on the Nevada Test Site, or in the near
vicinity, it may be possible to estimate the maximum expected rain event based on the
closest sites studied. Enzel, et al. (1993) established an empirical curve for maximum
discharge rate for a basin versus drainage area for the Colorado River Basin. Their data
support the postulate that each drainage area has a natural upper limit to the volume of
rain that can fall in a given watershed within the few days of a flood event for a
particular climate mode.

French (1983) monitored individual storms at the Nevada Test Site (NTS). He
concluded that a 100-year storm for this area would have an isosceles triangular-shaped
hyetograph with a maximum height corresponding to a rate of 18.3 mm/hr and a total
duration of 2 hours. The depth from this storm would be 18.3 mm. French (1985 and
1988) summarized rain-gauge data for southern Nevada, and reported amounts and
temporal distributions. Relevant to maximum rainfalls, he concluded that 11
consecutive days of rain could be expected to occur on the average of once in 100 years.
The NTS averages 4.6 mm/event for the winter months. Eleven consecutive days
would thus total 50 mm of precipitation for this 100-year event, or approximately 1/3
of the annual total. Greater events, both in duration and intensity might be expected if
the data record were longer. However, as Enzel, et al. (1993) have pointed out,
extrapolation to higher values with longer expected recurrence intervals, is
conceptually precarious, even within a constant climatic regime. When data are
available on the magnitudes and recurrence intervals of such extreme events, the
precipitation models can easily be modified to accommodate them.

2.6 Volcanic Activity and Climate

Major volcanic eruptions can affect climate, but the effects last only as long as the
volcanogenic aerosols remain in the atmosphere. The particulates primarily
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responsible are dust particles, carbon dioxide and sulfur dioxide. As mentioned above,
volcanogenic carbon dioxide is evidently part of the weathering/plate-motion process
regulating the Earth's climate on a long time frame. Excess carbon dioxide can trap
extra heat in the troposphere. On a shorter time scale, volcanogenic sulfur dioxide,
which quickly forms sulfuric acid aerosols, has a reflective, cooling effect on Earth's
climate. These aerosols and the dust particulate ejecta are nuclei for condensing water,
and return to earth as precipitation or dry fallout. Owing to the relatively short
residence times of sulfur dioxide, sulfuric acid and dust aerosols in the atmosphere
compared to that of CO2, the cooling effect is brief. Thus, the intensity of their cooling
effect depends on the amount of volcanic ejecta

Figure 2-4 is based primarily on data in Newhall and Self (1982). It includes explosive
eruptions of known intensities recorded historically during the past 500 years. If the
volcanic intensity distributions in the future can be predicted from past eruptions, we
can expect volcanic events ten times the size of Pinatubo or Tambora to occur once or
twice per millennium. In addition to potentially disastrous impacts on agriculture, the
cooling effects of these major volcanic eruptions would reduce evapotranspiration and
hence increase net infiltration at Yucca Mountain. These infiltration pulses would be
brief, but possibly significant. Figure 2-4 illustrates numbers of historic volcanic
eruptions according to volume of ejecta (complied from a variety of sources referenced
herein).
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Figure 2-4 Numbers of historic volcanic eruptions according to volume ejecta.

The eruption of Mt. Pinatubo in the Philippines in 1991, evidently caused slightly
cooler temperatures for a year or two after its eruption. It is possible that the Pinatubo
eruption has partially obscured the present CO2 warming trend. The residence time of
S02 in the atmosphere is short compared to that of CO2 . The consequence of this is that
industrial activity, which produces both CO2 and SO2 , places molecules into the
atmosphere that are masking their opposite effects on the Earth's energy balance
(Schwartz and Andreae, 1996; Wigley, 1995; Mitchell, et al., 1995). The societal
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significance of this is that the climate-driving forces already underway may not be
apparent to decision makers until remedial action is too long delayed. Then, when
action is taken to reduce all climate-sensitive industrial emissions, those with long
residence times in the atmosphere, CO2 and CH,- the ones that tend to warm the
troposphere - will remain.

2.7 Discussion

The model presented here matches present precipitation in terms of annual averages
and distribution in time of daily precipitation depths. It also matches actual
precipitation in terms of summer and winter averages. The precipitation model
simulates four distinct storm patterns for winter, for four assumed meteorological
conditions leading to precipitation. Note that the present version has an empirical fit,
rather than identifying a specific mathematical function with specific meteorological
conditions. The work of Hevesi, Ambos and Flint (1996, in review) will soon enable
such specific matches. The summer precipitation model is simpler, with only one
function. Here, summer precipitation is assumed to behave similar to that of southern
Arizona, and to be dominated by convective storms that are Poisson distributed.

The present model of future climates at Yucca Mountain extends the time frame to
1,000,000 years. Although one sequence of climatic events seems most likely, two
alternate climate sequences are given. These allow for the possibility that the Earth is
much more or somewhat less sensitive to the greenhouse perturbation.

The stochastic precipitation is quite flexible, in that it can easily be modified as better
information on different storm types and extreme precipitation events become
available.

2.7.1 Comparison with NRC Iterative Performance Assessment Phase 2, NUREG-
1464, Wescott et al., editors [1995)

The NRC (Wescott, et al., 1995) has a multi-component computer code for total-system
performance assessment, of which their climate module, CLIMATO, is at the top. This
modular system allows each component to operate somewhat independently and be
modified accordingly. As of publication, CLIMATO was still under development. This
document refers to DeWispelare, et al. (1993) as establishing the guidelines for
developing CLIMATO. DeWispelare, et al. (1993) is discussed below. Although no
climate model is presented, this publication contains some discussion about the
important elements that should be contained in a climate model. Specifically discussed
are the climate changes of the past as documented in ocean cores, and packrat middens.
The discussion makes only passing reference to the impending greenhouse effect.
Judgement on the NRC model should be reserved until they have incorporated the
recommendations in DeWispelare, et al. (1993).
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2.7.2 Comparison with TRW Total System Performance Assessment, Atkins, et al
119951

This group developed a mathematical function (page 7-27) that emulates the climate-
change-dependent infiltration results of Long and Childs (1993). This enables them to
extend the 10,000 years Long and Childs (1993) modeled to 1,000,000 years while
incorporating the 100,000-year Milankovich climate cycle. Essentially, this treatment
accepts the Long and Childs infiltration approach, though produces slightly more
conservative infiltration: 3x present value rather than 2.5x present at glacial maximum.
This approach is conceptually consistent with the approach taken here, consequently it
is a confirmation of our methodology.

2.7.3 Comparison with NRC Expert Elicitation of Future Climate In the Yuca
Mountain Vicinity: Iterative Performance Assessment Phase 2.5 DoeWispelare et
al., 11993)

Of the approaches to predicting climate up to a million years henceforward, this is by
far the most comprehensive and diverse. Rather than presenting a single conceptual
model that all agree to, this report presents future climates from the perspectives of five
individual experts. The authors did an admirable job of piecing it together, while
maintaining the individual judgments and perspectives. This is a valuable approach
for several reasons:

1. The future holds so much uncertainty and is so complex, and so riddled with
knowledge gaps, that expert consensus is often the only way to obtain a realistic
appraisa o our level of confidence in climate predictions.

2. Diversity of opinion clearly displays the areas of uncertainty, and hence the areas
where resear should focus.

3. Conversely, areas where experts agree are areas where we can have greater
certainty. We should bear in mind, however, that consensus does not always mean
truth.

4. This exercise brings to the surface the self-correcting nature of the scientific method.
Here displayed are several hypotheses, and their tests are just getting underway.

Note that copies of Long and Childs (1993) were among background material handed
out in the initial stages of the elicitation process.

The process was structured in a way that both constrained the experts to provide
specific answers to questions about climate controls for the time frames:

1. Present,

2. AD 2000 to 2100,
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3. AD 2100 to 2400,

4. AD 2400 to 3000,

5. AD 3000 to 5000,

6. AD 5000 to 7000,

7. AD 7000 to 9500, and

8. AD 9500 to 12,000.

For each time frame the participants listed primary climate forcing factors (e.g.,
greenhouse gases, orbital insolation), global temperature difference from present, and
annual and seasonal temperature and precipitation differences from today. They also
gave probabilities for extreme precipitation events of 20 years duration. These
included events caused by large ENSO (El Nifto Southern Oscillation), major volcanism
and solar variability.

In addition to displaying expert assessments of several aspects of future climate change
(temperature and precipitation in the form of cumulative probabilities) in a series of
time frames, this volume also contains articles written by the individuals. These are not
only informative in themselves, but also reveal their individual perspectives. A few
were quite relevant to the present climate model exercise.

R S. Cerveny's contribution reflects his research focus on physical climatology and
teleconnections. His estimate of greenhouse temperature is generally higher than that
of others, but joins the majority with future precipitation.

F. Diaz is well known for his work with ENSO and Southwestern meteorology and
climatology. His precipitation prediction represents the average of the experts'
estimates. His projected temperature is on the low side of the others'.

P. J. Robinson has applied his expertise in climatology mostly to the southeastern U.S.
His knowledge of extreme events and their causes was valuable input to the estimates
of future climates at Yucca Mountain, particularly in terms of net infiltration estimates.
Along with Diaz, Robinson would have the industrial greenhouse gases subside within
1000 years, but his estimates for decline of the return of the full glacial (pluvial at Yucca
Mountain) is sooner than that of the other experts.

T.M.L. Wigley's active participation in future climate research, especially General
Circulation Modeling, brings a valuable perspective into the elicitation process. His
presentation shows strong influence of GCM experiments. His temperature influence
of greenhouse gases is on the high side with those of the other experts, but his
estimated precipitation shows no significant changes throughout the 10,000-year
period. Wigley's article is noteworthy for revealing the differences in greenhouse
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climate prediction among four GCM's. A significant statement relates to an upper limit
for greenhouse atmospheric CO2 level of about 1000 ppmv. This seems to be in
contradiction with some geochemical measurements and models inferring levels much
greater than 1000 ppmv in the geological past (see elsewhere in text, under
"Greenhouse Climates in the Geological Record"). The explanation of this
contradiction must lie in the rates of rise. On a long (million of years) time scale, the
chemistry of the ocean would probably readjust to higher atmospheric partial pressures
of CO2.

C.J. Willmott brings a hydroclimatological and sociological perspective to the elicitation
process. He predicts a longer persistence of the greenhouse warming than the other
experts, and, correspondingly, precipitation to be depressed longer. His maps of the
southwestern U.S. showing probabilities of different levels of precipitation should be
quite useful to infiltration modelers.

The approach taken was to take time slices of the future 10,000 years, and collect
opinions from each expert on what were the dominant controls on climate
(precipitation, temperature). A summary of their temperature and precipitation
predictions for the next 10,000 is illustrated in their figure 3-9, reproduced here as
Figure 2-5, a summary of Expert Elicitation climate predictions for Yucca Mountain
during the next 10,000 years [from DeWispelare et al. (1993). Figure 3-3]. Temperature
prediction differences among the participants range as much as 4VC, and precipitation
prediction differences range up to 170 mm.
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Figure 2-5 Summary of Expert Elicitation climate preditions for Yucca Mountain
during the next 10,000 years (from DeWispelare et al. [1993], Figure 3-3).
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Table 2-3.
Comparison of IMARC Phase 3 Precipitation Inferences with Existing Ones

Model (Group Name) Interglacial Greenhouse Full Glacial

EPRI:

W: 100mm W: +4% +66%

S: 57mm S: -2% -48%

NRC Iterative Performance Assessment, Phase 2(Their CLIMATO module is not
underway, yet. They are in process of examining the NRC Expert Elicitation, on which
they will base CLIMATO.)

TRW Total Systems Performance Assessment:

W: 100mm W: +4% +66%

S: 57mm S: -2% -48%

[This group adapted the parameters of Long and Childs, 1993, fit a mathematical
function to them, and extended them to 1 million years.]

NRC Expert Elicitation (DeWespelare et al., 1993):

W: 100mm Annual (Not est.,

S: 57mm +10 to -30mm 10ka only.)

2.8 Conclusions

All scientific predictions are based on observations of past phenomena with educated
estimates of future trends in technology, populations and societal responses. If our
understanding of these phenomena is based on well-known physical laws, gravity and
planetary motion, for example, and uncomplicated by other interferences, such as a
rogue comet, predictions can have a high degree of accuracy. If, on the other hand, the
forces governing the phenomena of interest are affected by several forces, some of
which involve elements of statistical probability, predictions become less deterministic.
Daily weather forecasts are an example. On a much longer time scale, future climate
change is indeterminate. This is in part because many causal elements are uncertain.
Moreover, we have no exact historical or geological analog to future climate. The
positions of the continents, and ocean and atmospheric circulation patterns change over
long time periods. Climatology is not a controlled experiment that can be exactly
replicated. Consequently, long-term climate predictions, such as made here,
necessarily have a measure of uncertainty. These predictions are given estimated
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probabilities, based on current understanding of the controlling forces and
uncertainties.

All but a small minority of skeptics agree that the next global climate phase will be
dominated by the greenhouse response to industrial products, primarily CO2 and CH4.
The degree of response depends on how effective will be worldwide reduction of these
products.

After several centuries, these gases will be subsumed by natural processes, and the
glacial/interglacial cycles will most probably resume control of climate, as they did for
the million or so years before industrial interference. It is slightly possible that the
greenhouse conditions will so overwhelm the conditions that set the stage for glacial
cycles, that glacial cycles will be long delayed, or will stop entirely.

Each of the future climate phases has characteristic seasonal temperatures and
precipitation amounts. This study illustrates how these temperatures can be inferred,
and precipitation events can be simulated in a manner that represents the most
probable future conditions. These simulations are compatible with the infiltration
simulation protocol of Childs (this volume).

"The annoying thing about the future is that it is so unpredictable. Unforeseen and
unforeseeable events such as new technologies, epidemics or wars will probably be
what shapes it."

-Andrew Watson (School of Environmental Sciences, University of East Anglia,
Norwich, UK)
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3
FLOW AND TRANSPORT IN THE UNSATURATED

ZONE: NET INFILTRATION AND DEEP PERCOLATION

(STUART CHILDS AND FRANKLIN SCHWARTZ)

3.1 Assessment of Net Infiltration: Conceptual Model and Calculation
Methodology (Stuart Childs)

3.1.1 Introduction

EPRI's original work on net infiltration estimates (EPRI, 1990) provided an excellent
basis to guide subsequent efforts to refine calculations. Models of climatic variations
forced other researchers to improve their work. In particular, event-based modeling
incorporating event sequences was shown to be important for simulating observed
system response.

In 1992, a more detailed conceptual model for infiltration and surface hydrology
features that affect net infiltration was incorporated (Childs and Long, 1992). That
model was implemented in the projects performed in 1992 and 1993 (EPRI, 1992). Key
findings of that work included: a) demonstration of the importance of sequences of
climate for net infiltration; b) the presence of high and low net infiltration soil units at
Yucca Mountain; and c) presentation of net infiltration values for Yucca Mountain
given several climate scenarios. Perceived weaknesses of the model were: a) no
accounting for lateral water flow below the surface; b) cessation of infiltration
calculations at fairly shallow depths below ground surface; and c) no treatment of
fracture flow or fast fluxes in the subsurface layers.

Revisions to the net infiltration calculations for EPRI have evolved over the last two
years.. In addition, the EPRI/Risk Engineering modeling methodology was compared
with other research efforts currently under way for other performance assessment
methodology development projects. Finally, an evaluation of the potential range of net
infiltration within the contributing basin to Yucca Mountain area groundwater was
briefly addressed.

These tasks were undertaken in an effort to maintain the EPRI/Risk Engineering model
as a current contribution to performance methodology development efforts. Revised
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net infiltration calculations were performed because of significant advances in
precipitation modeling methodology. Comparison of model efforts was conducted as
an internal review of EPRI/Risk Engineering model quality. A comparison of net
infiltration at a watershed scale was made to verify that the conceptual treatment of
related subsurface flow phenomena was consistent. In addition, a map of rainfall zones
and regional groundwater flow is presented.

The following sections provide details of 1995 and 1996 investigations. New
probability distributions of net infiltration for three climate scenarios (interglacial,
greenhouse, and full glacial) are presented. In addition, more detailed model output
data was generated to address two issues relevant for the one million year time period:
effects of climate on vegetation growth and assessment of the amount of runoff
expected during the time period.

3.1.2 Summary of 1995/1996 Net Infiltration Calculations

3.1.2.1 Revised Modeling Approach

The same modeling approach and computer code were used as in previous calculations
(EPRI, 1992; McGuire, 1995). Calculations were made for three soil/hydrologic units
and four climate regimes: interglacial (present day conditions); greenhouse conditions;
and full glacial maximum conditions. In previous work, 130 year simulations were
made to support model net infiltration calculations. For the current effort addressing
1,000 year time steps and a 1,000,000 year overall time frame, 500 year sequences of
climate data were used to access the potential for net infiltration changes with time.
These sequences allowed development of a probability distribution of net infiltration
outcomes as well as a relationship between net infiltration and annual precipitation.

The principal output of net infiltration modeling is the probability distribution of net
infiltration for the climate regimes. Work on long-term climate (presented in Chapter
2) provides estimates of the duration and pattern of occurrence of the climate regimes
over the next one million years.

3.1.2.2 Net Infiltration Results

The basic result of the 1995 modeling exercise is the probability distribution of net
infiltration values for three climates. Figure 3-1 shows an example for the full glacial
maximum climate regime after component values for three soil/hydrologic units are
combined. Net infiltration values are highly correlated with annual precipitation both
as a weighted average (Figure 3-2) and for each of the three soil/hydrologic units
(Figure 3-3). The weighted average net infiltration values are lower than those for
either the shallow or basin hydrologic units because 79 percent of the Yucca Mountain
area consists of the slopes soil/hydrologic unit.
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Net infiltration estimates for three climate regimes are shown in Table 3-1. Because the
current model provides a probability distribution of net infiltration values for each
climate, three values are shown for each climate regime: the upper 0.05 percentile
value, the lower 0.05 percentile value, and the average value for the remaining 90
percent (this value is approximately the average value of net infiltration). Changes in
dimate modeling have increased the predicted values of net infiltration. For instance,
interglacial net infiltration increased to 1.25 millimeters per year (mm/yr) from the 0.9
mm/yr calculated in 1995.

As in previous calculations, predicted net infiltration for the greenhouse climate is
almost the same as that predicted for interglacial conditions. In Table 3-1, average full
glacial net infiltration is estimated to be 2.9 mm/yr, almost two and one-half times the
interglacial average.
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Table 3-1.
Net Infiltration Estimates for Three Climate Regimes

CLIMATE REGIME

Probability Interglacial Greenhouse Full Glacial

[mmlyd] [mni/yr] [mm/yr)

0.05

0.9

0.05

2.7

1.2

0.4

3.7

1.6

0.5

6.3

2.9

0.6

0.1

0.8

0.1

2.3

1.2

0.5

2.8

1.6

0.6

5.1

2.9

0.8

3.1.2.3 Evaluation of Model Results for Vegetation Growth and Runoff

The effect of climate change on grass cover and vegetation growth was assessed during
the 1995 modeling effort. In the model, vegetation growth is determined annually
based on soil water storage in the month of September (Childs & Long, 1992). In the
Mojave Desert, late summer precipitation and soil water storage is closely correlated
with germination and growth of annual grasses and other vegetation. Therefore, grass
cover was increased two percent in every year where September soil/water supplies
were above the previous years water storage.

The result of this vegetation growth hypothesis is shown in Figure 3-4. Under full
glacial maximum climate conditions, vegetation on the shallow soil/hydrologic unit
increased markedly throughout the 500 years simulated. This is primarily due to the
shallow soil profile and low water holding capacity. Because this is the most limiting
factor to growth, increased precipitation results in increased growth. Little growth was
observed on the other two soil/hydrologic units because soil water supply is, generally,
better in these portions of the landscape. Because there is little vegetation response
over 90 percent of the soil area (basin plus slopes) it can be inferred that changes in
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vegetation are not likely to make dramatic changes to net infiltration during full glacial
maximum climate conditions.

The effect of climate on runoff was also assessed using model simulations. In the
model, runoff amounts are calculated after the soil profile is wetted during a storm
event. Runoff is a loss from the shallow soil/hydrogeologic unit which is at the top of
the landscape in the Yucca Mountain area. Slopes both gain and lose water via runoff
but, on the whole, have a positive net runoff. Basins accumulate water from the slopes
have a net increase in infiltration during large rainfall and runoff events, and have a
positive net runoff. In Figure 3-2, the linear increase of runoff with precipitation is
clearly shown. The scattering data points around the regression line indicates that
factors other than precipitation are of importance in determining both net infiltration
and runoff. These factors include storm size, antecedent moisture conditions, and
negative cover. Figure 3-5 shows the runoff infiltration relationship for each of the
three soil/hydrologic units. Slopes have the highest runoff infiltration ratio and, as
expected, basins are the lowest.
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3.1.3 Comparison of Net Infiltration Modeling Approach with Other Current
Efforts

The net infiltration modeling methodology used by EPRI/Risk Engineering was
established in 1992 and has not been revised. It is of note that the EPRI/Risk
Engineering modeling approach separates calculation of climatic inputs from hydraulic
and water flow calculations. This level of detail is not encountered in other modeling
efforts. In addition, net infiltration through the soil is calculated separate from deep
percolation; this is also a difference from other modeling efforts. In addition, net
infiltration through the soil is calculated separately from deep percolation. This is also
a difference from other modeling efforts.

Significant new information has become available since 1992. A key contribution from
USGS and others has been development of better subsurface validation data sets (Flint
and Flint, 1993, 1994). In addition, there are better data sets available describing
variability of soil/subsurface material and climate properties at Yucca Mountain (Flint
et al., 1993; Hevesi et al., 1993; McGraw et al., 1994; Long, Chapter 2 of this report).

Additional tools, analytical procedures, and arid land data sets for C36 and other
tracer data are now available (Allison et al., 1994; Phillips, 1994; Tyler and Walker
1994). The principles of spatial variability of infiltration processes (distributed
recharge, infiltration focus points, etc.) have also been investigated (Barnes et al., 1994;
Stephens, 1994).

More recently, net infiltration models have been employed in Total System
Performance Assessments (TSPAs) conducted by contractors and staff of the DOE
[M&O Contractor, 1995] and the NRC [NRC, 1995]. Table 3-2 provides a comparison of
the EPRI (IMARC Phase 3) methodology with these two other TSPAs. Each of these
modeling efforts was developed to make net infiltration calculations in submodels that
provide input to a main model. Only the EPRI model has been fully implemented. For
both the other modeling efforts, detailed, process oriented submodels are under
development but have not yet been integrated with overall modeling efforts.

The EPRI model uses a flow code based on one dimensional flow through the near
surface soil layers (0 - 2 m depth). The EPRI and DOE studies make use of several
distinct, assumed-uniform soil units to account for spatial variability. The EPRI study
incorporates a number of soil runoff and vegetation details, but does not address
lateral flow, vapor flow or dual porosity. The DOE study addresses lateral flow and
dual porosity and currently uses an annual modeling approach that does not address
vegetation, measured soil properties, or runoff. The NRC study approach uses a single
fixed infiltration rate for: a) current/dry conditions; and b) glacial/wet conditions.

Table 3-2 also shows the current status of available measured data. Spatial variability
of soil and rock properties has been extensively measured by USGS ( Flint and Flint,
1994). In addition, field work at Yucca Mountain has also provided information
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regarding vegetation amount and distribution, evapotranspiration rates, and rainfall
estimates.

Table 3-3 summarizes the conceptual modeling approaches taken for three other net
infiltration modeling efforts for Yucca Mountain. NRC researchers have developed a
one dimensional water flow model to calculate groundwater recharge (Stothoff et al.,
1995). The model incorporates a detailed treatment of soil and climate, and has been
used to assess the current climate conditions. The model does not address lateral flow
or effects of runoff and vegetation on net infiltration.

A joint effort between Lawrence Berkeley Laboratory and the USGS (Wittwer et al.,
1995) has resulted in a model with highly developed treatment of spatial variability of
soil on geologic properties. The model is three dimensional and handles a number of
soil layers and aerial distribution of soil properties. The model is steady state and does
not address surface runoff, vegetation, evapotranspiration, or rainfall.

USGS researchers at Yucca Mountain (e.g. Flint and Flint, 1994) have spent a number of
years making field measurements of soil physical parameters and climate for use in site
characterization of repository performance assessment. Measurements include
detailed soil hydraulic and thermal properties; areal and depth distribution of soil and
geologic layers; and detailed direct measurements of evapotranspiration and rainfall
for the Yucca Mountain area. This site characterization effort is supported by modeling
projects that are designed to be explanatory in nature. That is, the modeling work
addresses key concerns regarding data quality and hypothesis testing.
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Table 3-2.
Current modeling status for unsaturated zone net infiltration calculations used in
TSPA codes.

Model/ EPRI Study TSPA-1995 NRC Study Measured
Study Data

Parameter

Description Cholceffalue CholceNalue CholcefValue Available?

Unsaturated zone 1-D liquid flow 1-D and 2-D Submodel not
submodel submodels to yet completedmodel procedure develop

response
surfaces

Depth of simulation 0-2 m entire UZ entire UZ -
single

infiltration rate

Spatial variability 3 soil units up to 7 geologic yes
units

Timestep 4 per day annual none

Soil layers 2-6 in submodel not treated yes

Runoff model based on daily not treated not treated
precipitation

Soil properties hydraulic not treated not treated yes
properties,

texture

Vegetation shallow and not treated not treated some
deep root
classes

Evapotranspiration daily calculation not treated not treated some

calculation

Rainfall estimates event-based annual value not treated yes
input

Lateral flow not treated yes not treated yes

Dual porosity not treated yes indirectly some
treated
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Table 3-3.
Current modeling status for unsaturated zone net infiltration calculations: other
research efforts

0.05 2.7 3.7 6.3
................................................. . .. ............ ........ ......................................................................................................... ............. .................. .........

0.9 1.2 1.6 2.9
.................................... ............... ..................................... ....................................................................... ................. ................ ..................

0.05 0.4 0.5 0.6

0.1 2.3 2.8 5.1
........................... ... ......... ..... .... ....................... .. ......... ......... ........................................................... ......... ...... ...................................

0.8 1.2 1.6 2.9_
............... ....................... ......... ... .. .................. ................ ......... .. .. .................. ...... ......................... ......... .... .................. ...............

0.10.5 0.6 0.8

Note:

' Climate regimes are described by A. Long in Chapter 2 of this report.

3.1.4 Net Infiltration Estimates Upgradient and Downgradient from the Repository
Site

The focus of previous net infiltration modeling efforts has been characterization of the
proposed repository site. It is, however, expected that changes in net infiltration both
upgradient and downgradient of the repository site (in relation to groundwater level)
will also affect groundwater flow and potential releases from the repository.
Upgradient net infiltration will have a direct effect on groundwater elevation and flow
velocity. This is of particular importance since the areas upgradient of Yucca Mountain
are higher in elevation and, as a result, precipitation. Downgradient from the Yucca
Mountain site, it is expected that net infiltration will provide some dilution of any
plume flowing from the Yucca Mountain Repository area.

Regional net infiltration estimates are not generally available for the Yucca Mountain
area. French (1986) has used Maxey-Eakin methodology to assess net infiltration as a
function of precipitation for basins. These estimates primarily reflect the documented
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relationship between elevation and precipitation. In addition, groundwater recharge
studies (e.g. Lichty and McKinley, 1995) have used both water balance and labeled
chloride analyses to assess percolation rates from surface infiltration. These
calculations also demonstrate the strong dependence of recharge on precipitation
amount and, therefore, elevation. In the work presented here, we have focused on
characterizing areal rainfall distribution. This, in turn, may be used to infer long term
infiltration rate.

Two basic approaches have been used to assess the distribution of precipitation in the
vicinity of Yucca Mountain. French (1986) used available measured data from southern
Nevada to develop a regression of precipitation amount as a function of elevation.
Recently (Hevesi, et al., 1992), used Kriging geostatistical methodology to make more
detailed calculations based on detailed local measurements. This latter approach was
used to develop Figure 3-2, which shows the distribution of annual precipitation in the
vicinity of Yucca Mountain. For the purpose of assessing the contributing area for
groundwater recharge, the figure shows the Amargosa River watershed. Generalized
groundwater flow direction is taken from modeling work (Wittwer et al., 1995) and
other geological review (Czarnecki and Waddell, 1984).

The map in Figure 3-6 can be used with the generic relationship between precipitation
and net infiltration (Long and Childs, 1993) to estimate net infiltration upgradient of,
downgradient of, and directly above the proposed repository site. Such calculations
should be made using the component net infiltration values for three soil units: side
slopes with moderately deep alluvial cover; shallow, rocky ridgetops; and basins and
washes.
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Figure 3-6 Average annual precipitation and groundwater flow direction for the
Amargosa watershed.
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3.2 Deep Percolation Conceptual Model (Franklin Schwartz)

This section explains how the most important elements of the hydrogeologic setting are
implemented conceptually in a flow and transport code. In addition, it evaluates the
modeling approach and the model parameters in light of work by other performance-
assessment groups.

3.2.1 Conceptual Model of the Hydrogeologic Setting

Figure 3-7 presents a conceptual model of the hydrologic system at Yucca Mountain.
Features of climate, climate change, and infiltration have been discussed in earlier
sections. The discussion here will focus on the pattern of flow through the thick
unsaturated zone.

Precipitation falling on the mountain leads to spatially variable infiltration, and
downward percolation through rocks of the Paintbrush Group, the Calico Hills
Formation, and the Crater Flat Group (Scott and Bonk, 1984). As presently conceived,
the simplest conceptual models consider flow to follow a one-dimensional pathway
through the unsaturated zone from the repository to the water table and a three-
dimensional saturated pathway through the saturated zone to the accessible boundary
and beyond. However, as will become clear in later sections, the highly heterogeneous
character of hydrogeologic properties leads to complex patterns of unsaturated flow.
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Climate: Prevailing envIronmental conditions
(sinplifled here to dry. e.g. present climate, and
Weol e.g. Ice-age climate)

Evapotranspiration: ae .00 Precipitation: Rainfall and snowfall
evaporation, plus uptake
and exhalation by vegetation

Infiltration: Water penetrating the ground surface
(precipitation minuw runoff minus evapotranspiration)

Vapor r}Rn

is ~~~~~~~~~~~~~~ ~~~LatoralFlow

Unsaturated
Zone

Percolation: Water flow through the repository
(Infiltration minus the water diverted above the
repository minus the vapor flow above the repository)

Water Table

Saturated
Zone To the accessible environment

- a/ and the biosphere

Figure 3-7 Conceptual model of the Yucca Mountain Hydrologic System
(from Wilson et al., 1994)

3.2.1.1 Infitration Rates at the Ground Surface

Most of the older conceptual models consider that infiltration at the surface is less than
2 mm/yr. For example, TRW (1995) considered a low infiltration case with rates of 0.01
to 0.05 mm/y and a high infiltration case with rates of 0.5 to 2.0 mm/yr. Wittwer et al.
(1995) conducted simulations with rates of 0.1 mm/yr. With relatively low fluxes,
water should reside in the unsaturated zone for several hundreds of thousands of
years.

These indications of low infiltration rates are contradicted by measurements of
infiltration that commonly show relatively high rates. Thus, in EPRI work presented in
Section 3.1, as well as other studies (e.g., TRW, 1995), infiltration rates in performance
assessment models have been gradually increased to acknowledge these field data.
However, experience suggests that irrespective of the nature of the mathematical
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models involved (partial coupling versus equivalent continuum) as infiltration values
increased above 1 mm/yr the residence for water in the unsaturated zone falls. For
example, results from TRW (1995) (Figure 3-S8a) show that unretarded an species first
reaches the accessible environment at about 15,000 years with a peak beginning at
about 40,000 yr. With smaller infiltration rates (e.g., 0.01 to 0.05 mm/yr), I and Tc
peaks emerge at the accessible environment at about 300,000 years (Figure 3-8b).

10'¾

¶0'-eHa '

~10-4j

0 20K 40K 60K 80K 1OOK

lnme (yrs)

Figure 3-8a Expected value dose history: 100,000 years, 83 MTU/acre, no backfill, high
infiltration (initial qg=1.25 mm/yr), cyclical %cjclimate model

(from TRW, 1995, Figure 9.3-lb)

Ii
0 200K 400K 600K BOOK OOOK

lme (yrs)

Figure3-8b Expected value dose history: 1,000,000 years 83 MTU/acre, backfill, low
infiltration (qcd = 0.003 mm/yr), cyclical qmodel

(from TRW, 1995, Figure 9.3-8)

3.2.1.2 Lateral Diversion of Flow

Data from isotopic studies suggest that a realistic conceptual model must account for
both relatively high infiltration rates and a bimodal distribution of residence times in
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the unsaturated zone. Isolated fast fracture paths are capable of moving mass from the
surface to the ESF very quickly (Fabryka-Martin and Wolfsberg, 1996). These fast
fracture pathways may be associated with major fault zones. Away from these fault
zones, for example in the vicinity of UZ, residence times for water in various units is
several hundred thousand years (Fabryka-Martin et al., 1993).

This complex behavior cannot be simulated using simple, one-dimensional
performance assessment models. Experience with IMARC, TOSPAC and other similar
codes indicates that high infiltration rates provide short residence times, and that low
infiltration rates provide long residence times. Experience with codes able to capture
lateral variability in hydraulic parameters and the associated lateral flows has been
more favorable. For example, Prindle and Hopkins (1989) modeled the case where a
capillary barrier was developed between the nonwelded Paintbrush and welded Tiva
Canyon Tuff Units. The eastward dip of these units would promote lateral flow within
the Tiva Canyon nonwelded unit to adjacent fault zones.

Other more recent work directly bears on the issue of lateral diversion. A collaborative
study between Lawrence Berkeley National Laboratory and the US Geological Survey
(LBL/USGS) developed a three-dimensional site-scale model of Yucca Mountain. This
model accounts for the details of the geologic layering and importantly the structural
discontinuities along units related to faulting (Wittwer et al., 1995). It is also able to
accommodate spatially and temporally distributed recharge.

Wittwer et al. (1995) specifically examine the question of lateral diversions in both two-
and three-dimensional simulations. Results indicate that lateral diversions produce
significant spatial variability in vertical fluxes. The greatest downward fluxes occurred
adjacent to low permeability fractures (i.e., fractures operating as capillary barriers) or
within high permeability faults. The question remains as to whether fractures at the
site operate as low or high permeability layers. At the top of the Topopah Spring unit,
away from the faults, infiltration rates of 0.1 mm year may vary by about +/- 20% with
considerable variability. In the vicinity of low permeability faults or within high
permeability faults infiltration fluxes could be 25-50% larger than the surface fluxes
(Wittwer et al., 1995).

Similar effects were observed in the two- and three-dimensional mountain-scale
analysis presented by Robinson et al. (1995). Their study, with both equivalent
continuum and dual porosity formulations. used infiltration rates of 0.1 and 1.0
mm/yr. The dual porosity formulation in two dimensions provided significant lateral
flow above the repository, much more so than with the equivalent continuum
formulation.

In three-dimensional simulations with surface infiltration rates of 1 mm/y, Robinson et
al. (1995) found that capillary barrier effects tended to develop and promote lateral
flow. These simulation results suggest that younger water at depth comes from water
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moving laterally from the zone of western outcrop and down fault zones. With lateral
diversion, the percolation rates through the repository level are much smaller than
infiltration rates at the ground surface. Figure 3-9, taken from Liu et al. (1995),
illustrates how this conceptual model leads to the complex distribution of travel times
based on simulated 'Cl/Cl ratios.

The work of Wittwer et al. (1995) and Robinson et al. (1995) generally agree with
Prindle and Hopkins (1989) that show effects of lateral diversion appear to develop
once infiltration fluxes exceed about 0.20 mm year. However, given that infiltration
fluxes are 0.10 mm/yr in the LBL/USGS simulations, the overall impacts of lateral
diversion are much less apparent that those of Prindle and Hopkins (1989), who used
much greater fluxes.

1400

E
Z 1200- 025

1000- 75 O=

-j

Sao00 1000 1500 2000 2500

APPROXIMATE DISTANCE (m)

Figure 3-9 Simulation results showing average travel time contours based on simulated
'Cl/Cl ratios with contour values in units of Ky (1000) years. The circled numbers 1-3

illustrate differences in travel times at similar depths (from Liu et al., 1995).

3.2.2 Implementation of Lateral Diversion Schemes

In spite of the body of existing work, performance assessments commonly do not
specifically consider the effects of lateral diversion on repository performance (e.g.,
Wilson et al., 1994; TRW, 1995). Earlier versions of IMARC (EPRI, 1992) used empirical
relationships developed from Prindle and Hopkins (1989) to divert some proportion of
water to fault zones and away from containers.

Analyses with IMARC indicated that lateral diversion could be important in improving
repository performance (EPRI, 1992). However, our previous conceptualization
considered the probabilities of lateral diversion occurring/not occurring as 0.55/0.45.
Lateral diversion was not more accentuated because it was believed this effect
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benefited from ideal distributions of hydrogeologic properties. Heterogeneities in
hydrogeologic properties, due to the presence of local faults and fractures, were
thought to reduce the possibilities for lateral diversion.

NRC (1994) has developed a "table lookup" scheme to evaluate the effect of lateral
diversion on percolation at the repository. As indicated in Table 1, the effect of lateral
diversion seems relatively insignificant across much of the repository. These results are
in direct contrast to Prindle and Hopkins (1989) who documented a much larger effect.

For lateral diversion to be a factor in repository design and beneficial for the
performance assessment, the process must be inherently predictable. In other words,
containers must be located in zones protected by lateral diversion, and kept away from
zones of focused downward flow. With the present understanding, this strategy would
call for locating containers away from fault zones. 'Cl/CQ data indicate that isolated
fast-fracture pathways are commonly associated with known fault systems. Thus, it
should be possible to accommodate the benefits of this knowledge in the overall design.

Modifications have been added to the IMARC code to include the effects of isolated fast
paths in the vicinity of fault systems and longer residence times away from the
fractures. The isolated fast pathways are assumed to be generally known, based on site
studies. Consequently, the repository could be constructed to avoid zones of higher
percolation along the major faults. It is assumed that of the total infiltration at the
ground surface, only 20% actually percolates through the repository. The actual
estimate of the percolation flux involved a variety of model trials where various values
were tested. The reduced flux value through both interglacial and glacial periods on
average provides a residence time for water in the unsaturated zone of greater than
100,000 years. The remaining 80% is assumed to move laterally along the capillary
barrier at the PTn and TSw boundary and downward along fault zones. Thus, the
transport code within IMARC is used to model the behavior of the repository with
reduced percolation fluxes leading to residence times of approximately 100,000 years.
This approach accommodates relatively large infiltration rates at the surface and
produces the bimodal distribution in travel times.

It is unlikely, however, that all of the fast pathways can be fully defined in advance of
repository construction. Some containers will be accidentally placed in zones of
enhanced percolation in the repository. Thus, some proportion of the repository area
will receive somewhat larger percolation fluxes. These small areas are referred to as
'wet' zones, where the percolation flux is sufficient to cause dripping on, and failure of
the containers. The bulk of the repository is represented as a 'dry' zone. In the dry
zone, the percolation fluxes are relatively low and water is unable to drip into the open
drifts. Thus, containers will not experience flowing water. Mathematically, this flow
focusing is controlled by a flow focusing factor 'd' and fractions of the repository that
are wet and dry (f,^,, and fs,,). Some average percolation flux through the repository
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P h svi

'PR J.' is partitioned among the wet and dry zones by solving for PRv,, and PRd,,
according to the following set of equations.

f. x PR.,, + fdy x PRd, = PR.vg (3-1)

PR,,/PR,, = d (3-2)

where PR.. and PR,,., are the percolation fluxes in the wet and dry zones, respectively.
The following example illustrates how a PR., of 0.24 mm/yr is partitioned assuming a
'd' value of 3, and f,,,, and f ,,fractions of 0.07 and 0.93, respectively. Substitution of
known values into (1) and (2) gives

0.07 x PR,,. + 0.93 x PRd, = 0.24 mm/y and,

PR/PRy = 3

Solving these equations provides a PR,, = 0.63 mm/yr and a PR,,,, = 0.21 mm/yr. With
a 'd' value of 15 and the same set of wet/dry fractions, PR,,= 0.17 mm/yr and PRw=
2.54 mm/yr. Thus, as the 'd' value increases more of the percolation flux is routed
through the wet zone of the repository and less through the dry zone. With fluxes in
excess of 2 mm/yr and the present set of flow and transport parameters, the case with
'd' of 15 provides isolated fast fracture flow and relatively short residence times for
mass in the unsaturated zone.

In summary, this approach represents the complex patterns of flow that lead to the
observed 'Cl/Cl patterns in the ESF. Values of 'd', f,., and f,, are uncertain parameters
that will require more detailed investigation.

3.2.3 Fracture/Matrix Coupling

Another key issue related to the conceptual hydrologic model is the nature of
fracture/matrix coupling. Within the Yucca Mountain Project, two different conceptual
models have been employed. The non-equilibrium coupling model represents a
condition where the water in the fractures moves faster than the associated zone of
wetting within the matrix. This process has been called upon to explain the relatively
rapid flow of water downward to significant depths, as indicated for example by TMCl.
The likely existence of these fast fracture pathways has obvious implications for the
potential for the unsaturated zone to attenuate the transport of contaminants.

Nitao and Buscheck (1989) and Buscheck et al. (1991) presented calculations that
showed the potential for these fast-fracture paths to move water rapidly. For example,
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illustrative calculations show that ground water might move from the repository to the
water table in months with flooding at the repository and fast fracture flow (Buscheck
et al., 1991). Generally, performance assessment codes have not embraced this
conceptual model. The Sandia "YWEEPS" model represents an end-member case, where
fractures are essentially decoupled from the matrix. More recently, Robinson et al.
(1995) have worked with a dual porosity formulation for unsaturated flow that has the
potential to accommodate non-equilibrium coupling effects.

The most important computational codes within the Yucca Mountain Project (e.g.,
TOUGH2, NUFT, and FEHM) are based on equilibrium models for coupled flow based
on the equivalent continuum (EC). This approach implies that water is instantaneously
redistributed between the fractures and matrix, effectively reducing the downward
flow velocity. One effect of the EC assumption is that downward flow velocities are
relatively low, providing long travel times from the repository to the water table. This
conceptualization generally makes it difficult to simulate the rapid migration of tracers
that are present at depth at Yucca Mountain.

Another result of the EC assumption is that recharge estimates derived from calibrating
flow models to observed saturation data are much lower than observed in the field
(e.g., Flint and Flint, 1994).

Recently, the impact of flow along fast paths has been recognized. TRW (1995)
discussed possible modifications the ECM approach that approximates non-equilibrium
fracture/matrix interactions. Briefly, this procedure involves relaxing the flow
initiation rules inherent in the EC model. Operationally, fractures are forced to conduct
flow once matrix saturations exceed some specified threshold value. Xiang et al. (1995)
discuss the results of numerical experiments that indicate fracture flow initiation at a
matrix saturation of 0.95 is able to provide results comparable with conventional dual
porosity models. The possible limitations of this modeling approach have yet to be
established.

The UZ flow and transport computational module for IMARC, which is described in
Chapter 7, simulates flow and radionuclide transport rigorously in both the fractures
and matrix with a dual porosity formulation. The coupling between the fractures and
matrix is controlled to a significant extent by the magnitude of the matrix permeability
in relation to the fracture permeability. Thus, the code can simulate both equilibrium
and non-equilibrium coupling (that may result in fast fracture flow) depending upon
the particular permeability values chosen for the fractures and matrix.

The existence of non-equilibrium conditions in and of itself does not require that
conditions of fast fracture flow develop. There is an additional condition required
namely; a long-term supply of free water. For example, Buscheck et al. 1991 use
continuous ponding at the top of the fracture to promote fast fracture flow. When
infiltration occurs in pulses, however, conditions of fast fracture flow may develop
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initially, but will cease once gradual imbibition of water into the matrix depletes the
"slug" of water flowing in the fractures.

Within IMARC, there is no a priori assumption made about the nature of
fracture/matrix coupling. Coupling is determined by the choice of parameters. The
present parameter set provides modest to strong coupling, especially within the Calico
Hills. However, travel times within the UZ depend not only on the extent of coupling
but also recharge rates. Even with strong coupling, large percolation rates can lead to
short residence times. With the present conceptualization, the combination of
fracture/matrix coupling and relatively low recharge rates across much of the
repository provides residence times of a hundred thousand years or more. In zones of
flow focusing, the opportunity for faster flow related to local fracturing is recognized.

In summary, the conceptual model proposed here provides for coupling between the
fractures and matrix. We believe that the case of fracture flow only (i.e., a "weeps" like
model) is a theoretical end member that with no likelihood of occurrence. The extent of
coupling between the fractures and matrix is determined by the matrix permeability.
The present set of parameters results in relatively strong coupling, although we do not
assume a case of equilibrium coupling as is the case with other models. Infiltration is
accompanied by lateral diversion with the bulk of the percolation flux occurring down
these zones of localized flow. The repository design should be able to avoid these
zones of higher percolation.

At the level of the proposed repository, average percolation fluxes over large areas,
thus, are a fraction of the surface infiltration. These fluxes are themselves focused to
account for the heterogeneity of the fractured system. This focusing leads to small wet
zones where the containers experience flowing water. However, most of the repository
area is assumed dry so that the small percolation fluxes do not impact container
behavior. The extent of focusing is determined in Eqns. (1) and (2) by so called 'd'
values. Our present analysis assumes d values of 3 and 15 with probabilities of
occurrence of 50% each. Clearly, these parameters are uncertain and will require
further sensitivity analyses to examine their influence on performance.

3.3 References

Allison, G.B., G.W. Gee, and S.W. Tyler. 1994. Vadose-Zone Techniques for
Estimating Groundwater Recharge in Arid and Semiarid Regions. Soil Sci. Soc. AnL J.
58:6-14.

Barnes C.J., G. Jacobsen, and G.D. Smith. 1994. The Distributed Recharge Mechanism
in the Australian Arid Zone. Soil Sci. Am. J. 58:31-40.

3-25



Flow and Transport in the Unsaturated Zone: Net Infiltration and Deep Percolation

Buscheck, T.A., Nitao, J.J, and Chestnut D.A., 'The impact of episodic nonequilibrium
fracture-matrix flow on geological repository performance." Lawrence Livermore
National Laboratory, UCRL-JC-106759, Preprint for Focus'91, 1991.

Childs, S.W. and A. Long. 1992. Model and Calculations for Net Infiltration.
Proceedings of the 3rd International High Level Radioactive Waste Conference, Las
Vegas, NV. April 12-16, 1992.

Civilian Radioactive Waste Management System, Management & Operating Contractor.
1995. Total System Performance Assessment - 1995: An Evaluation of the Potential
Yucca Mountain Repository, BOOOOOOO-01717-220-00136, Rev. 01.

Czarnecki, J.B. and R.K. Waddell. 1984. USGS Water Resources Investigations Report
84-4349.

EPRI, 1990. Demonstration of a Risk-Based Approach to High Level Waste Repository
Evaluation. EPRI NP-7057, Research Project 3055-2. Electric Power Research Inst,
Palo Alto, CA.

EPRI (Electric Power Research Institute), Demonstration of a Risk-Based Approach to
High-Level Waste Repository Evaluation. Phase 2, EPRI TR-100384, Project 3055-2,
1992.

Fabryka-Martin, J., S.J. Wightman, W.J. Murphy, M.P. Wickham, M.W. Caffee, G.J.
Nimz, J. R. Southon, and P. Sharma, Distribution of Chlorine-36 in the unsaturated
zone at Yucca Mountain: An indicator of fast transport paths. Focus "93": Site
Characterization and Model Validation, September 26-29, Las Vegas, 1993, p. 58-68.

Fabryka-Martin, J. and A. Wolfsberg, Hydrologic flow paths and rates inferred from
the distribution of Chlorine-36 in the ESF. unpublished notes from oral presentation to
Nuclear Waste Technical Review Board, July 9-10,1996.

Flint, A.L. and L.E. Flint. 1993. Spatial Distribution of Potential Near Surface Moisture
Flux at Yucca Mountain. Journal of Applied Meteorology 31:677-688.

Flint, A.L., L.E. Flint and J.A. Hevesi. 1993. Influence of Long Term Climate Change
on Net Infiltration at Yucca Mountain, Nevada, Proceedings, International High Level
Nuclear Waste Conference, Las Vegas, NV, April (1993).

Flint, A.L. and L.E. Flint. Spatial Distribution of Potential Near Surface Moisture Flux
at Yucca Mountain, in Proceedings of the Fifth International High Level Radioactive
Waste Management Conference, Las Vegas, NV, May 22-26, 1994 pp. 2352-2358.
American Nuclear Society, La Grange Park, IL.

3-26



Flow and Transport in the Unsaturated Zone: Net Infiltration and Deep Percolation

French, RH. 1986. Daily, seasonal, and annual precipitation at the Nevada test site,
Nevada. US Department of Energy, Nevada Operations Office, DE-AC08-85NV10384,
Publication No. 45042, 40 pp.

Hevesi, J.A., J.D. Istok, and A.L. Flint. 1992. Precipitation estimation in mountainous
terrain using multivariate geostatistics: 1. Structural analysis. J. Appl. Meteorol.. 31:661-
676.

Hevesi, J.A., J.D. Istok, and A.L. Flint. 1992. Precipitation Estimation in Mountainous
Terrain Using Multivariate Geostatistics: 2. Isohyetal Maps. J. Appl. Meteorol.. 31:677-
688.

Liu, B. J. Fabryka-Martin, A. Wolfsberg, and B. Robinson, Significance of apparent
discrepancies in water ages derived from atmospheric radionuclides at Yucca
Mountain, Nevada. Water Resources at Risk, American Institute of Hydrology, May 14-
18, Denver, 1995, p. NH-52 - NH-62.

Long, A. And S.W. Childs. 1993. Rainfall and net infiltration probabilities for future
climate conditions at Yucca Mountain, in High Level Radioactive Waste Management -
Proceedings of the Fourth Annual International Conference - Las Vegas, NV. April 26-
30, 1993. Pp. 112-121.

Lichty, Robert W. and Patrick W. McKinley. 1995. Estimates of Ground-Water
Recharge Rates for Two Small Basins in Central Nevada, US Geological Survey in
cooperation with the Nevada Operations Office, US Department of Energy under
Interagency Agreement DE-A108-92NV10874, Water Resources Investigations Report
94-4104, Denver, CO.

McGraw, M.A., G.S. Bodvarsson, L.E. Flint and A.L. Flint. 1994. Numerical modeling
of lateral infiltration into the Paintbrush Tuff at Yucca Mountain, Nevada, LBL Report,
January (1994).

McGuire, R.K. 1995. Conclusions and Recommendations From High-Level Waste
Repository Performance Assessment. EPRI Research Project 3055-2, Risk Engineering
Inc., Boulder, CO.

Nitao, J., and Buscheck, T.A, "On the movement of a liquid front in an unsaturated,
fractured rock mass". Lawrence Livermore National Laboratory Report, UCID-21714,
1989.

NRC (Nuclear Regulatory Commission), NRC Iterative Performance Assessment Phase
2. Development of Capabilities for Review of a Performance Assessment for a High-
Level Waste Repository. R.G. Wescott, M.P. Lee, N.A. Eisenberg, T.J. McCartin, and
R.G. Baca, Eds., NUREG-1464, 1995.

3-27



Flow and Transport in the Unsaturated Zone: Net Infiltration and Deep Percolation

Panel on Coupled Hydrologic/Tectonic/Hydrothermal Systems at Yucca Mountain.
1992. Ground Water at Yucca Mountain How High Can It Rise? National Academy
Press, Washington, DC

Phillips, F.M. 1994. Environmental Tracers for Water Movement in Desert Soils of the
American Southwest. Soil Sci. Am. J. 58:15-24.

Prindle, RW., and P. Hopkins. On Conditions and Parameters Important Model
Sensitivity for Unsaturated Flow Through Layered, Fractured Tuff, Results of Analyses
for HYDROCOIN Level 3, Case 2. SAND850002, Sandia National Laboratories, 1989,63
pp.

Robinson, B.A., A.V. Wolfsberg, G.A. Zyvolovski, and C.W. Gable, An Unsaturated
Zone Flow and Transport Model of Yucca Mountain. Los Alamos National Laboratory,
Report on Milestone 3468,1995,177 p.

Scott, RB., and J. Bonk, Preliminary Geologic Map of Yucca Mountain with Geologic
Sections, Nye County, Nevada. US Geol. Surv., Open-file Report 84-494, Las Vegas,
1984.

Stephens, D.B. 1993. A Perspective on Diffuse Natural Recharge Mechanisms in Areas
of Low Precipitation. Soil Sci. Soc. Am. J. 58:40-48.

Stothoff, S.A., H.A. Castellaw, and A.C. Bagtzoglou. 1995. Estimation of the Spatial
Distribution of Recharge at Yucca Mountain. Center for Nuclear Waste Regulatory
Analyses, Southwest Research Institute.

TRW (TRW Environmental Safety Systems Inc.), Total Performance Assessment - 1995:
An Evaluation of the Potential Yucca Mountain Repository. Contract DE-AC01-
91RW00134, 1995.

Tyler, S.W. and G.R. Walker. 1994. Root Zone Effects on Tracer Migration in Arid
Zones, Soil Sci. Soc. Am. J. 58:25-31.

US Nuclear Regulatory Commission. 1995. Iterative Performance Assessment Phase 2:
Development of Capabilities for Review of a Performance Assessment for a High-Level
Waste Repository, NUREG 1464.

Wilson, M.L., Gauthier, J.H., Barnard, R.W., Barr, G.E., Dockery, H.A., Dunn, E.,
Eaton, RR., Guerin, D.C., Lu, N., Marinez, M.J., Nilson, R., Rautman, C.A., Robey,
T.H., Ross, B., Ryder, E.E., Schenker, R., Shannon, S.A., Skinner, L.H., Halsey, W.G.,
Gansemer, J.D., Lewis, L.C., Lamont, A.D., Triay, I.R., Meijer, A., and Morris, D.E.,
Total-system performance assessment for Yucca Mountain - SNL second iteration
(TSPA-1993). Sandia National Laboratories Report, SAND93-2675, 1994.

3-28



Flow and Transport in the Unsaturated Zone: Net Infiltration and Deep Percolation

Wittwer, C., Chen, G., Bodvarsson, G.S., Chornack, M., Flint, A., Flint, L., Kwicklis, E.,
and Spengler, R., 1995, Preliminary Development of the LBL/USGS Three-Dimensional
Site-Scale Model of Yucca Mountain, Nevada. Lawrence Berkeley Laboratory Report,
LBL-37356, 69 p.

Wittwer, C. et al. 1995. Preliminary Development of the LBL/USGS Three-
Dimensional Site-Scale Model of Yucca Mountain, Nevada, US Department of Energy
Contract No. DE-AC03-76SF00098, and DE-A108-78ET44802 by Nevada Operations
Office in cooperation with the US Geological Survey, Denver, CO.

Xiang, Y., S. Mishra, and B. Dunlap, Hydrologic Sensitivity Analyses for the
Unsaturated Zone at Yucca Mountain, Nevada. BOOOOOOOO-01717-2200-00099, Re. 00,
Civilian Radioactive Waste Management System Management and Operating
Contractor, Las Vegas, Nevada, 1995.

3-29



4
COUPLED PROCESSES, HEAT FLOW, AND WATER

CONTACT WITH WASTE PACKAGES (BENJAMIN

ROSS)

4.1 Introduction

Potential interactions among fluid flow, chemistry, and heat transfer continue to be
significant concerns at the Yucca Mountain site. Previous performance assessment
work (such as McGuire et al., 1992) has demonstrated that heat transfer from the
proposed HLW repository in the unsaturated zone of Yucca Mountain may be strongly
affected by movement of water, which occurs in both liquid and gas phases.
Conversely, temperature can have a great influence on water movement by inducing
large-scale transfers of water vapor. Chemical reactions, especially dissolution and
precipitation, are dependent on water flow, evaporation, and condensation.
Evaporation and formation of precipitates might in return affect fluid transfer by
blocking flow channels. Fluid movement affects both the release of radioactivity from
the repository (by determining how much water contacts the waste package) and the
migration of activity from the repository to the accessible environment. Release of
radioactivity from waste packages is also temperature-dependent, as is (to some extent)
radionuclide migration.

While the scientists and engineers involved in the Yucca Mountain project have learned
much about the physical processes involved in hydrogeothermal interactions, there
remains much debate about how these processes will operate in the Yucca Mountain
environment. The uncertainties are of three principal kinds. First, there is
disagreement about basic concepts of water movement in deep unsaturated fractured
porous media. (There is no conceptual disagreement about gas movement.) Second,
there is uncertainty about the particular physical properties of the rock at Yucca
Mountain. Finally, there are questions about the engineered design of the repository
(such as the waste loading and the rate and duration of ventilation) that have not yet
been decided by the project's planners.

The complexity of the processes that will operate at Yucca Mountain, and the level of
detail that would be needed to fully characterize material properties, are such that the
development of a predictive numerical "supermodel" that would take all interactions
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into account is universally considered to be impossible. Current knowledge rests on a
combination of physical reasoning, mathematical modeling, and use of geological
analogies. While physics and geology are essential to its understanding, the system is
so complex that these sciences are not able to give a clear picture of its behavior
directly, but must be used to gain insights that are used to guide calculations. From the
insights are derived the simplifications on which computer modeling necessarily relies.
Because models depend on assumptions about science that is incompletely understood,
their results are not definitive predictions in themselves; they can only be used reliably
if interpreted and supplemented by expert judgment.

Section 4.2 reviews what is known and unknown about the physical processes that
contribute to hydrogeothermal interactions in unsaturated fractured rock, emphasizing
their significance for repository performance assessment models. We first list the
principal processes likely to be of significance in thermohydrological flow models and
describe the major uncertainties about them. Then we discuss the different conceptual
models of water movement and the different heat transfer regimes that may occur.

In Section 4.3, we quantify our present understanding of how these processes are likely
to operate at Yucca Mountain by presenting estimates of system behavior and
associated uncertainties for use in the model. The estimates are in the form of a matrix
whose values are the fractions of the waste in a repository at different temperatures and
exposed to different modes of water contact. What these values are depends on design
choices (in particular, the waste loading), on yet-to-be-measured physical properties of
the rock (which will control the mode of heat transfer), and on which conceptual model
of water movement in unsaturated fractured rock is correct. For each alternative waste
loading, heat transfer mode, and conceptual model, the waste fractions in the matrix
take different values. The variation in the values taken by these mode fractions, reflects
the magnitude of uncertainties in conceptual models, design choice, and physical
properties of the rock. In particular, the uncertainty about conceptual models implies
that to a large degree these numbers represent judgmental estimates.

After the thermal pulse dies away, moisture movement will no longer be driven by
thermal convection and will return to a condition approximating what is now observed
in the mountain. We give a separate matrix, showing the fractions of waste exposed to
different modes of water contact, for times after temperatures have returned to near-
initial values.

In Section 4.4, we compare our analysis with the thermohydrological section of the
DOE Total System Performance Assessment. We focus on different model structures
concerning water movement in the unsaturated zone. The differences in models
structure have major implications for conclusions about the reaction of the system to
repository heat and the potential effects of climatic change.

4-2



Coupled Processes, Heat Flow, and Water Contact with Waste Packages

4.2 Significant Processes

A large number of processes have been identified as potentially significant in affecting
fluid flow and heat transfer at Yucca Mountain. The following are the principal ones:

* Heat conduction

* Sensible heat convection

* Latent heat convection

• Gas flow away from evaporation zones

• Buoyant gas flow

• Water removal by gas flow

* Suction-driven liquid flow

• Gravity drainage of water

* Gas-phase diffusion

• Mineral dissolution and precipitation

* Removal of water and heat by ventilation

Most of these processes, in isolation, are understood reasonably well, and some (heat
conduction, for example) are understood very well. Nevertheless, there is much
uncertainty about what will happen if heat-generating wastes are emplaced at Yucca
Mountain. The uncertainty has several causes, including lack of knowledge about the
physics of fluid flow in porous fractured media, incomplete knowledge of properties at
the mountain, and the complexity of the interactions among many relevant processes.

Some of the most important questions that remain open are the following:

At what value of matrix saturation does water begin to flow in fractures? The
"equivalent continuum" model of water movement in fractured rock uses a single
curve of effective permeability versus saturation to represent both matrix and fracture
flow. The effective permeability curve has a "kink" at the value of saturation where
water is able to enter the fractures (referred to as the "critical saturation"); at greater
saturations, water is able to flow through the fractures and the effective permeability
increases very rapidly.

The physical approximation underlying the effective continuum model is to treat both
matrix pores and fractures as continuous networks occupying the same volume. It
seems natural to treat the matrix as a system of small pores and the fractures as a
system of big pores. The basic assumption of the effective continuum model -
pressure equilibrium between fractures and matrix - then implies that no water can
flow in the fractures unless the matrix is fully saturated. The critical saturation then is
100% saturation of the matrix. This approach has been used in most, if not all, Yucca
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Mountain models that have used the equivalent continuum approximation [e.g.,
Buscheck and Nitao, 1994; Pruess and Tsang, 1994; Ho, 1995; Atkins et al., 1995]. If the
critical saturation is 100%, water must be added to the rock before fracture flow occurs.

Measured values of saturation in the Topopah Spring tuff are around 70%. If the
critical saturation is dose to the present saturation, fracture flow will occur much more
readily than if the critical saturation is 100%. Models with lower critical saturation,
sometimes referred to as "generalized equivalent continuum" models, are discussed in
the literature [Atkins et al., 19951, but few results have been published.

Recent measurements in the Exploratory Studies Facility at Yucca Mountain show the
presence of chlorine-36 in the Topopah Spring welded unit at levels that exceed
estimates of present and past atmospheric deposition. This strongly suggests that the
chlorine-36 derives from atmospheric testing of atomic bombs. This strongly suggests
that the water has moved down from the surface within the last 50 years, which is very
unlikely unless there is fracture flow in the Topopah Spring welded tuff [Fabryka-
Martin, et al., 19961. Thus it seems reasonable to assume that either (1) fracture flow
initiates at saturations below 100%, or (2) there are localized regions with saturations
near 100% that support fracture flow under very recent climatic conditions.

Is there pressure equilibrium between fractures and matrix? A second possible
explanation of field evidence for rapid water movement at Yucca Mountain is failure to
obtain equilibrium between fractures and matrix. A considerable literature discusses
this possibility [e.g., Kwicklis et al., 1995].

Most literature on this question has emphasized two questions: (1) whether infiltration
from intermittent rainfall events runs down fractures before it is imbibed into the
matrix, and (2) whether pressurized steam will develop when water in the matrix boils,
or whether pressures will be relieved by flow of steam into the fractures.

This work has attracted renewed interest with the discovery of chlorine-36 at depth.
Rapid downward flow of chlorine-36 appears to be inconsistent with full equilibration
of chemical composition between fracture and matrix water. But even if the time-
dependence of fracture matrix interactions at present were understood, the future state
of the mountain introduces additional complications. In particular, minerals
precipitated on fracture surfaces might be an additional impediment to equilibration
between fracture and matrix.

Indirect implications of poor equilibration of water pressure between fractures and
matrix have been the subject of some discussion. In particular, failure of condensate to
be imbibed into the rock matrix might be a source of cooling water in the repository.
Alternatively, repository dry-out could be enhanced if condensate could run through
fractures to the water table. Both of these possibilities have been the subject of
discussion more than numerical modeling.
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What is the gas permeability of the repository host rock? - The regime of heat transfer
and water movement at Yucca Mountain will depend on the permeability of the host
rock. At low permeabilities, the gas phase would not be significant; heat would flow
primarily by conduction and water would move primarily in the liquid phase. At
somewhat higher permeabilities, gas flow would become significant as a way to move
water without making a significant contribution to heat transfer. At yet higher
permeabilities, the convective transport of latent heat would become significant.

Modeling studies and analytical calculations indicate that the threshold at which
convective heat transfer becomes important is on the order of 10. rn2 [Zhang et al.,
1994; Buscheck and Nitao, 1994]. This is within the range of uncertainty of published
measurements of the bulk permeability of the fractured Topopah Spring tuff [Weeks,
19931.

If convective heat transfer is important, prediction of repository performance becomes
more complex. Because the coupling between heat transfer and water movement is
mathematically unstable in this regime [Zhang et al., 19941, spatial or temporal
variability of the system could potentially be enhanced in a non-linear way.

Will mineral precipitation affect fluid movement? - When water evaporates,
dissolved minerals will be concentrated and will eventually precipitate. Evaporation
will occur where the rock gas moves toward higher temperatures, even if repository
temperatures remain below the boiling point. Precipitates can also form where liquid
water flows through temperature gradients as a result of temperature-dependent
solubilities. However formed, precipitates could affect fluid flow if they were to plug
fractures or coat fracture surfaces so as to impede fluid transfer between fractures and
matrix.

Blockage of fluid flow by precipitates, commonly forming "caprocks", is a frequent
occurrence in geothermal energy systems. However, the relevance of this observation
to Yucca Mountain is uncertain, because geothermal waters normally contain much
higher levels of dissolved solids than is currently observed at Yucca Mountain [G.
Bodvarsson, personal communication].

Published Yucca Mountain performance assessments generally do not take this
possibility into account. A scoping study by Glassley [1994] presents some preliminary
calculations but reaches no definite conclusions about the significance of mineral
precipitation.

What will the waste loading of the repository be, and how will it vary in space and
time? - The waste loading of the repository remains a matter of debate. The denser the
waste loading, the greater the heat source per unit area, which will obviously affect
repository temperature.
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In addition to the overall mean loading, there are questions about the rate at which the
repository will be loaded and likely non-uniformities in the age and burnup history of
spent fuel placed in different parts of the repository. Defense waste is another source
of non-uniformity. These non-uniformities will require particular attention if the
repository is designed to keep waste packages dry for some period of time by
maintaining a temperature above the boiling point of water. If the objective is to keep
the entire repository hot, non-uniformities could be an obstacle. On the other hand, the
repository could be designed to maximize non-uniformity so as to allow water that
evaporates in hotter regions to condense in cooler zones, drain downward, and leave
the system [Buscheck et al., 1995].

How much water and heat will be removed by ventilation, and what will be the
implications? - Ventilation air will be cooler, and very probably dryer, than the rock
gas around the repository. Removal of heat and moisture during repository operations
could affect post-closure conditions. Recent calculations show that long-term
ventilation of the repository could greatly decrease temperatures and remove large
amounts of moisture [Yang et al., 1996; Danko et al., 1996; Montazer and Stellavato,
19961. As an extreme example, calculations by Danko et al. [1996] show that a
ventilation rate of 10 m 3/s can hold drift wall temperatures to the vicinity of 400C, even
with high mass loadings. Danko and Saterlie [19961 show that flow rates of 0.6 m 3/s
can be maintained for long times by natural ventilation (buoyant flow through the
workings driven by temperature alone), and Montazer and Stellavato [1996] maintain
that "Continued natural ventilation would keep the emplacement tunnels dry for
10,000 years." However, models of longterm repository performance have not
incorporated these phenomena as yet.

These uncertainties involve mixtures of incompletely understood physical processes,
imprecisely measured rock properties, and design choices not yet made. These causes
of uncertainty are mixed in varying proportions. Uncertainty about flow regimes is
mostly due to different conceptual models of water behavior in the porous fractured
medium; the uncertainty in heat transfer reflects a physical parameter, the bulk
permeability of the rock, and a design choice, the waste loading; and uncertainty
concerning water contact with the repository involves all three factors.

4.3 The IMARC Model

4.3.1 Modeling Approach

We identified three "big-picture" unknowns about the repository as a whole: the waste
loading, the dominant mechanism of heat transfer, and the conceptual model of
moisture movement in the unsaturated zone. There are additional uncertainties about
the local environment of the waste, which will differ among individual waste packages:
both the temperature and the amount of water in contact with the package are
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uncertain, both will vary over time, and even the "big picture" questions may have
different answers in different parts of the repository.

LMARC-3 tabulates the various combinations of waste loadings, heat transfer regimes,
water flow regimes, temperature histories, and water contact modes in a five-
dimensional matrix. The number of waste packages that are exposed to each
alternative set of conditions of water contact and temperature, given specified
assumptions about waste loading, heat transfer mechanism, and overall fluid
movement, is an entry in the matrix. Thus, one dimension of the matrix (heat loading)
represents a design decision, and two dimensions of the matrix (heat transfer regime,
and flow regime) represent uncertainties about the physical conditions in a future
repository, and two dimensions (water contact mode and temperature) represent
differences among waste packages given a single outcome with all these uncertainties
resolved. In addition, associated with each cell of the matrix is a downward water flux,
which in most cases varies as a function of the infiltration rate at the surface.

Each dimension of the matrix is represented in IMARC-3 by a set of discrete values.
The values chosen in this study are as follows:

* Mass loading - Areal densities of waste were 83 or 25 MTU/acre. The upper
value is a reference mass loading used in DOE conceptual design documents.
The lower value is an alternative chosen to lessen thermal effects.

* Heat transfer mechanism - Three alternatives, conduction only, conduction and
convection, and heat pipe reflect uncertainties about and/or natural variability
of rock permeability, which will determine whether convective heat transfer is
significant, and water flow in fractures, which could create a "heat pipe" effect.

* Conceptual model of water flow - The rock in which the repository will be built
is a fractured, porous tuff. Flow of liquid water might be concentrated in a few
zones or zones of greater water flow might be more widely distributed.

* Temperature - Temperatures are uncertain, they will change over time, and they
will vary in different parts of the repository. Three alternative time-temperature
curves represent areas that rise above the boiling point, rise to the boiling point,
and remain below the boiling point.

* Water contact mode - Some waste packages will remain dry; some will be
dripped on continuously; some will be wet only episodically; and some will be
wetted only during a single interval when condensate that collects above the
repository drains through it.
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With all these alternatives, the matrix has 2 x 3 x 2 x 4 x 3 = 144 elements. Many of
these elements, however, represent combinations that are not realistic, and are therefore
zero. The alternatives are described in more detail in the remainder of this section.

The matrix reflects the intimate linkage between the way water contacts waste packages
and the packages' thermal environment. Temperature affects moisture; for example, a
container whose temperature is above the boiling point will generally be dry.
Conversely, the moisture environment can affect temperature. For example, a package
in an area with many permeable fractures will be cooled more effectively by gas
convection than a package located in a poorly fractured region. For each combination
of waste loading, flow regime, and heat-transfer regime, the matrix gives the number of
packages encountering each combination of thermal history and water contact mode.
(For simplicity, the tables are expressed in terms of a fraction of the total rather than an
integer number of packages.) Given the many conceptual and parametric uncertainties
that are being represented in the matrix, many of the values are necessarily judgmental
estimates; where calculations are available, however, they have been used.

4.3.2 Models of water movement through the unsaturated rock

Water movement in the unsaturated zone plays a crucial role in several parts of the
repository system. In thermohydrological heat transfer and radionuclide transport, the
actual movement of the water enters directly into the phenomena under consideration.
In addition, water movement plays an indirect role in container corrosion and waste
dissolution, where the relevant parameter is the amount and timing of water contact
with the waste package.

In Chapter 3, two alternative conceptual models for water movement are presented.
These are:

* Fracture-matrix equilibrium or "full coupling" - This is referred to as the
"equivalent continuum" model in the Yucca Mountain project. Any additional
water deposited in welded tuffs, will be absorbed in the rock matrix until the
matrix reaches 100% saturation. The IMARC Phase 3 model does not consider
this conceptual model for the reasons provided in Chapter 3. However, it is
provided as a "reference" model so that other models, which are used in IMARC
Phase 3, can be compared to the fracture-matrix equilibrium case.

* Partial equilibrium - Added water tends to flow down fractures. This could be
caused by slowness of water imbibition from fractures to matrix. Alternatively,
the effective permeability curve of the porous fractured medium could be such
that any increase in moisture content over current levels leads to fracture flow.
While the detailed physics are different, the results are similar, so both of these
models have been combined into one alternative.
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Detection of chlorine-36 that has reached repository depths in a few decades [Fabryka-
Martin et al., 1996] is valuable information that helps us distinguish among these
models. Fabryka-Martin et al. report that

Eleven sites (12 samples) from the TSw had analyzed GCl/Cl values > 1500 x 10',
indicative of bomb-pulse 'Cl signals. All but one of these sites appear to be in the
general vicinity of fault zones projected from their mapped surface locations...
However, field and petrographic examination of sampled features within the TSw
in the ESF indicates no clear evidence of association with major faults. In fact,
most of the TSw samples showing bomb-pulse 36C1 are associated with syngenetic
features, mainly cooling joints, lithophysal cavities with intersecting cooling joints,
and syngenetic breccias. This result is very significant because it implies that the
paths of rapid movement of water from the surface, through the TCw and PTn,
and into the TSw, are continuous but may be more complex than individual
throughgoing fault traces...

The chlorine-36 observations seem to rule out the possibility that fracture and matrix
water fully equilibrate on repository scale. The full-coupling alternative was therefore
not included in the IMARC calculations. However, previously published detailed
modeling work, which we took advantage of in determining model inputs, is largely
based on the full coupling model. We thus discuss this model in the text of this chapter
and include it in our tables of input values, allowing the reader to understand how our
inputs were derived and how our assumptions relate to other published work.

The chlorine-36 observations also provide evidence that infiltrating water is diverted
into localized zones of downward flow. Most likely, this diversion is associated with
the Paintbrush nonwelded layer; unpublished chlorine-36 data show that bomb-pulse
chlorine-36 is pervasive above this unit [. Fabryka-Martin, personal communication].
However, the chlorine-36 data do not show an unambiguous association between rapid
downward infiltration and mappable faults and thus do not pin down the degree to
which flow is localized. Furthermore, even if the chlorine-36 is associated exclusively
with mappable faults, the association is complex, and repository designers will have
difficulty identifying the true extent of the downward-flow zones; we therefore assume
some waste packages will unavoidably be placed in zones of downward flow. Based
on these considerations, we included two variants of the partial equilibrium flow
model in the IMARC model:

Strong flow focusing - Water flows through fractures localized in zones spaced
hundreds or thousands of meters apart. Outside of these zones, the fractures are
dry. The wet zones could be fixed in space, or they could change location. The
location of the zones are controlled primarily by geologic structure, but the
spatial configuration of the heat source, mineral precipitation, or stresses created
by thermal expansion of the rock could change their locations or create new
zones during the thermal period.
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* Weak flow focusing - Water flow is inhomogeneous, but zones of higher
percolation flux, involving fracture flow, are distributed widely and are not
limited to major fault zones.

4.3.3 Heat transfer

4.3.3.1 Description of alternative regimes

As discussed above, the efficiency of heat transfer will depend principally on the
answers to two questions. Convection will be a significant factor in heat transfer only if
the bulk gas permeability of the fractured tuff exceeds a threshold value that is on the
order of 10-11 m2 . A "heat pipe" phenomenon will prevent much or all of the waste
packages from heating above the boiling point only if liquid water that condenses
above the repository is readily drained back toward the waste packages.

The unknown answers to these two questions give us three alternative heat-transfer
regimes:

* Conduction-dominated - Thermal conduction is the predominant mode of heat
transfer.

* Convection and conduction - Gas permeability of the rock is large enough that
convection makes a significant contribution to heat transfer. Repository
temperatures are lower than in the conduction-dominated case, especially near
the edge of the repository.

* Heat pipe - Liquid water moves through fractures toward the heat source,
driven by suction or gravity, and cools the repository. When the water reaches
the repository, it evaporates, rises as vapor, and condenses to repeat the cycle.
The resulting "heat pipe" is an enormously effective heat transfer mechanism
when the temperature reaches the boiling point In areas affected by this
phenomenon, temperatures rise above the boiling point only after a delay, if at
all, and in much or all of the repository the temperature "plateaus" at the boiling
point.

4.3.3.2 Probabilities of heat transfer regimes

The probabilities of these heat transfer regimes depend on the waste loading because
convection is temperature-dependent.

The vapor pressure of water, and therefore the efficiency of convective heat transfer,
doubles with a temperature increase of less than 20'C. Conduction, on the other hand,
has only a weak dependence on temperature. Consequently, in the low loading
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alternative, where conduction is sufficient to hold maximum temperatures to the
vicinity of 60° to 700, the threshold gas permeability for convective heat transfer to be
important is above 10-' in2 . This is beyond the range of measurements of rock
permeability, for which the highest value in the literature is about 2 x 10.10 m2 [Weeks,
1993]. The heat pipe phenomenon, which occurs only at the boiling point, is excluded
as well. Consequently, in the low waste loading case (AML = 25 MTU/acre), we give
the conduction-only regime a probability of unity.

At the high waste loading, the situation is more complicated. The probability of the
convection and conduction scenario depends on the gas permeability of the rock, which
is independent of the water-flow regime. This probability was set at 0.2, reflecting the
"best-estimate" value of gas permeability of 1011 m2 which is somewhat below the
threshold where convection becomes important.

The likelihood that the heat-pipe phenomenon will occur depends on the conceptual
model of water flow. With fracture-matrix equilibrium, water can move down a
fracture only in the region where the matrix is saturated. Only after a considerable
amount of water has accumulated above the repository will fracture flow occur at all,
and even then water will be sucked into the rock matrix as soon as it approaches the
zone of above-boiling temperatures. Modeling studies that assume fracture-matrix
equilibrium have shown only limited areas where temperatures are fixed at the boiling
point [Buscheck and Nitao, 1994]. Thus we have given the heat pipe scenario a
probability of zero in this case.

With only partial equilibrium between fractures and matrix, the propensity of
condensate to run down the fractures will be increased. Consequently, the heat-pipe
scenario has a non-zero probability.

In the weak flow focusing case, rock properties are relatively homogeneous and it is
quite plausible that condensate flow in fractures could occur widely throughout the
repository. For this case, the probability of the heat-pipe regime was set at 0.3.

With strong flow focusing, water flow down the fractures is concentrated in limited
zones. Consequently, the probability that the heat pipe effect will lower temperatures
on a global basis is less than with weak focusing. Therefore the probability of the heat-
pipe scenario was set at 0.1 in this case.

Probabilities of heat transfer regimes are summarized in Table 4-1.
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Table 4-1.
Probabilities of Heat Transfer Regimes at AML 83 MMI/acre

Model of Water Flow Conduction Conduction & Heat Pipe
Dominated Convection

Full coupling 0.8 0.2 0

Weak focusing i 0.5 0.2 0.3

Strong focusing 0.7 0.2 0.1

4.3.3.3 Specification of temperature curves

In the IMARC approach to repository performance modeling, a few specific alternatives
are chosen from the range of possible temperatures that a waste package might
experience. We chose three alternative temperature histories. The first, designated a,
represents packages whose surface temperature rises substantially above the boiling
point. The second curve, designated A, represents packages whose temperature rises to
approximately the boiling point. The third curve, y, represents packages whose
temperature stays well below boiling.

The curves used in this work are taken from a modeling study by Pruess and Tsang
[1994] and are shown in Figure 4-1. The temperature histories calculated by Pruess and
Tsang were, of course, based on specific sets of assumptions. Here they are used in a
broader context, to represent all sets of conditions that result in similar temperatures.

The temperature curves represent temperatures at the waste package surface.
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Figure 4-1 Temperature versus time histories for various parts of the repository

4.3.3.4 Fraction of waste packages following each temperature curve

The temperatures of waste packages will vary within the repository. The variation will
be due to three primary factors:

* Heat output will vary in different parts of the repository, due to differences in
the amount and type of waste per unit area. These differences will be
unavoidable; even if one adjusts the density of waste packages to make the
initial areal density of heat generation uniform, the rate at which the heat source
falls off with time varies among packages. This effect by itself can lead to
substantial variability of temperature in the repository. [Ryder, 19931

* The edge of the repository will be cooler than the center, due to lateral heat
transfer.

* If fluid flow plays a significant role in heat transfer, temperatures will be lower
near wet fractures.
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We have not considered heat removal by ventilation in the numbers currently used in
the model. The duration of ventilation and the humidity of ventilation air are design
decisions that have yet to be made.

At the low AML, heat transfer will (for reasons stated in Section 4.3.3.2) be conduction-
dominated; the other heat transfer regimes are assigned a zero probability. If heat
transfer is conduction-dominated, fluids will not carry any significant amount of heat
and therefore waste package temperatures will be the same in all water flow models.
Thus, in the low AML case, we have only a single set of temperature probabilities. We
assume that 20% will follow curve P and 80% will follow curve y. These values were
adopted because calculations by Buscheck and Nitao [1992] show that at low AMLs
little or none of the repository will reach temperatures above boiling.

At the high AML, each heat transfer regime must be treated separately. We address the
conduction-only regime first. In this case, temperature remains independent of water
flow model, and calculations using only conduction can be used to estimate
temperatures. The most detailed heat conduction studies are by Ryder [19931, who
uses an average thermal power density of 80 kW/acre. This is essentially equivalent to
our high-loading case of 83 MTU/acre, given the TSPA's assumption that the initial
heat output will be 0.98 kW/MTU [Atkins et al., 1995, p. 4-5]. Ryder shows that at all
times there will be a substantial number of waste packages outside the 950C isotherm.
Consequently, in our high loading case, we assume 70% of the packages will follow the
a curve, which peaks well above 95°, and 30% will follow the P curve, which peaks
around 95°. Conduction-only temperature fractions are summarized in Table 4-2.

Table 4-2.
Fractions of Waste Packages Following Temperature Curves (Conduction-Only Heat
Transfer Regime)

Mass Loading of Repository a J 8

25 MMU/acre 0 0.2 0.8

83 MTU/acre J 0.7 0.3 0 j

In the other heat transfer regimes, temperatures depend on the conceptual model of
water flow. In the convective-conductive regime, there is a significant cooling effect of
gas flow and water evaporation. Consequently, temperatures are generally lower than
with conduction only, with the effect greatest in the partially coupled moisture flow
regime where water flow in fractures is more widespread. In the fracture-flow-only
case, the flow in fractures is also high, but it is concentrated in localized zones;
therefore a smaller number of waste packages are cooled more intensely. Bearing these
considerations in mind, we have adopted the values shown in Table 4-3 for the
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fractions of waste packages following the three temperature curves in the convective-
conductive regime.

Table 4-3.
Fractions of Waste Packages Following Temperature Curves (Convective-Conductive
Heat Transfer Regime; AML = 83 MU/acre)

Model of Water Flow a 1 _ _r

Full coupling 0.5 0.4 0.1

Weak focusing 0.2 0.6 0.2

Strong focusing 0.45 0.5 0.05

In the heat-pipe heat transfer regime, temperatures rise to the boiling point and are
held at that value by the heat-pipe effect. In comparison to the conduction-only regime,
this cooling effect greatly enlarges the fractions of packages following curves J3 and y at
the

expense of curve a. However, the number of packages remaining below the boiling
point (curve y) is smaller in the heat-pipe regime than in the convective-conductive
regime because the heat pipe does not operate at temperatures significantly below the
boiling point, while convection is most effective at these temperatures. These
phenomena affect the entire repository in the weak-focusing model; in the strong-
focusing model, only the areas of water flow are affected, but the cooling effect is more
intense. (Note that the heat-pipe regime does not occur in the full-coupling model.)
These considerations lead us to adopt the values shown in Table 4-4.

Table 4-4.
Fractions of Waste Packages Following Temperature Curves (Heat-Pipe Heat
Transfer Regime; AML = 83 MTU/acre)

Model of Water Flow a J Y

Full coupling

Weak focusing 0 0.9 0.1

Strong focusing 0.4 0.6 0
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4.3.4 Number of waste packages In contact with water

Because the fractured porous tuff around the repository is not homogeneous, and
because the effects of repository heat will create further differentiations, moisture
conditions around waste packages will vary. We define four water contact modes to
represent the range of possible conditions. Together with the three temperature
histories, these form a matrix of 12 alternative waste package conditions. In each
combination of waste loading, heat transfer regime, and water flow conceptual model,
the total number of waste packages is divided among these twelve alternatives.

4.3.4.1 Water contact modes

The four water contact modes are the following:

* Dry - The package does not contact liquid water. This does not mean that the
downward percolation flux is zero in the rock surrounding the package. Rather,
water does not contact the package either because capillary forces conduct water
around the repository drift, or because the surrounding rock has been dried out
by the heat of the repository.

* Reflux - When temperatures in the repository are above boiling, water
condenses in the rock above. For a short period after the repository temperature
descends below the boiling point, the condensate drains through the repository
and drips on the package. The timing and duration of this event are discussed
in the next section. At all other times, the package is assumed to be dry.

* Wet-drip - Separate droplets of water fall across an air gap onto the package.

* Episodic - Water contacts the package intermittently for limited periods of time.
Episodes might be due to such causes as extreme recharge events at the surface,
fingering flow, tectonic changes in fracture behavior, plugging of fractures by
mineral precipitation, or changing location of condensation zones as
temperatures change.

4.3.4.2 Thermal period

The number of waste packages contacted by water, and the timing of the contact, will
naturally depend on the nature of water movement through the repository host rock.
During the period when the repository is warmer than its surroundings, gas flow will
move water vapor as well as heat. The water movement will be significant in
comparison to the pre-emplacement fluxes even when convective heat transfer is
insignificant compared to conduction. Thus there will be large correlations between
temperature and moisture conditions during the thermal period, and the distribution of
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waste packages among water contact modes will vary with water flow model, with
waste loading, and with heat transfer regime. Furthermore, given a particular choice of
flow model, loading, and heat transfer regime, there will still be a strong correlation
between an individual package's temperature and its likelihood of being wet. Bringing
together all of these dependences, we obtain a five-dimensional matrix of waste
package fractions. This matrix is displayed in Table 4-5.

The numbers in Table 4-5 reflect many interrelations between water flow and heat
transfer. Among the more important are the following:

* The a curve generally has the highest ratio of dry and reflux to wet fractions,
because of repository dry-out.

* The fraction of waste packages affected by reflux is greatest in the full-coupling
model of water flow, because in this model condensate has less opportunity to
drain than in the other two models, and it accumulates above the repository.

* The fraction of otherwise dry packages affected by reflux is greatest in the
convection-conduction heat-transfer regime, because this regime has the greatest
gas flow and therefore the greatest amount of condensate. Among water flow
conceptual models, reflux is greatest in the fully coupled model, because in this
model condensate has the least tendency to drain immediately down fractures
and therefore the greatest tendency to accumulate.

* The reflux fraction for curve y is always zero. If the temperature remains below
boiling, water can generally drain through the repository. It is when the
temperature rises above boiling that rock dries out completely in the hot zone,
driving the effective permeability to zero and thus potentially impeding
drainage of condensate.

* Because the weak-focusing model has zones of fracture flow distributed widely
throughout the rock, the dry fraction is least in this model. In the full-coupling
model, fracture flow occurs only under special conditions, and in the strong-
focusing model it occurs only in certain locations.
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* The ratio of episodic to wet-drip conditions is greater in the convection-
conduction and heat-pipe models, because these models lead to a less uniform
heat distribution than conduction-only, and the changing distribution of heat
causes the zone of water condensation to move. An exception to this is the heat-
pipe case with weak focusing, where water drains through fractures onto the
waste packages in most of the repository, leading to widespread wet-drip
conditions.

* In conduction-only cases, the total fraction of packages following each
temperature curve is the same for all water flow models (although the
distribution among water contact modes varies), because conduction does not
depend on water. For the other heat transfer regimes, temperature does depend
on the water flow model.

4.3.4.3 The post-therm alperiod

When temperatures return to pre-repository values, water movement will also return to
something approximating initial conditions. (There may be some changes due to
permanent alterations in permeability caused by mineral dissolution and precipitation
and by excavation of the repository workings.) At this time, water flow will become
essentially independent of temperature, waste loading, and heat transfer regime, but
will still depend on the conceptual model of water movement.

The time of transition from heat-driven moisture movement back to near-initial
conditions is a significant variable. Even a small temperature increase at the repository
is likely to substantially increase the amount of water moved by convective air flow.
We estimate the time of transition at 50,000 years, the time at which temperature curves
a and J on Figure 4-1 have returned to pre-emplacement values.

Table 4-6 gives estimated fractions of waste exposed to each water contact mode after
the transition to temperature-independent conditions. Generally, the fractions of dry
packages are much higher than at earlier times. This is because, no matter what the
waste loading or heat transfer regime, thermal convection always works to recirculate
liquid water and to collect it. Unless the water that is thus collected is removed from
the system, the effect of heat is to increase the amount of water that cannot be taken up
into the rock matrix and becomes available to run down fractures. Our baseline
analysis addresses a repository system that is not engineered to remove water; the
sensitivity analysis described in Section 4.5.3.2 addresses the case in which engineered
barriers are used to make the thermal period dryer than the post-thermal period.

The model implements the transition from thermally-driven to non-thermal flow by
transferring an appropriate number of waste packages from the wet-drip and episodic-
contact categories into the dry category at 50,000 years.
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Table 4-6.
Water Contact Mode Fractions in Post-Thermal Period

Dry Wet-Drip Episodic

Strong Focusing 0.97 0.02 0.01

Weak Focusing 0.93 0.05 0.02

Full Coupling 0.98 0.01 0.01

4.3.4.4 Engineered dry-out

Most of the contact between waste packages and water during the 50,000-year thermal
period is caused by heat-driven water movement. The above estimates of how much
water will contact waste packages, like nearly all published calculations, are based on
assumptions of a closed system, in which water moved by heat remains in the
repository region. Removing this water would obviously have great advantages for
repository performance. Proposals have therefore been made to take advantage of the
engineered features of the repository, such as heat and ventilation, to remove water.
Two principal methods not involving the use of backfill have been proposed:

* Concentrating heat-generating waste in widely spaced drifts, so as to create
localized zones above the boiling point, with condensate draining through cooler
regions between the drifts [Buscheck et al., 1995].

* Ventilating the repository with dry air, either through an extended period of
forced ventilation or by designing the repository so that its heat drives natural
ventilation, so as to remove large amounts of moisture in the ventilation air
[Danko and Saterlie, 19961.

For neither concept are there coupled thermohydrologic calculations that examine in
detail how much water would be removed. In order to test the viability of these
concepts using the IMARC model, we conducted a sensitivity analysis which assumed
that enough water was removed to keep 99%/a of the waste packages dry during the
thermal period. The AML was set to 83 MTU/acre, so that heat can be used to drive
the removal of moistureand the heat transfer regime was assumed to be conduction-
only because water that is needed for convection and heat-pipe effects has been
removed. The assumed water contact mode fractions are given in Table 4-7.

4-20



Coupled Processes, Heat Flow, and Water Contact with Waste Packages

Table 4-7
Mode Fractions of the Repository in Various Water Contact And Temperature Modes
With Engineered Water Removal

Water Contact Mode

Temperature

History

Dry Reflux Wet Drip Episodic

a 0.70 0 0 0

p 0.29 0 0.005 0.005

7 ~~0 0 0 0

The flow-focusing factor (see Section 4.3.5.1 for a thorough description of the flow
focusing factor) is set to 1 in this case, because water is being removed from the system
rather than diverted away from some packages and toward others.

4.3.4.5 Effect of backfill on package wetting

The amount of water contact with waste packages is determined by three main factors:
the amount of water flowing through the rock near the waste tunnels, the capillary
barrier created by the void space in the tunnel, and the temperature difference between
the rock wall and the package. These factors, in turn, depend in a complicated way on
the thermohydraulic behavior of the repository.

The first two factors are largely independent of whether or not the tunnels are
backfilled. Water flow in the rock is affected only indirectly, if at all, by backfill. The
main effects of backfill on water in the rock would result from changes in ventilation
air flow and in temperatures near the waste packages. Effects of ventilation have been
included in our model through the sensitivity analysis of engineered water removal; in
the baseline case there is no reason to distinguish between cases with and without
backfill. Rock temperature will be affected by backfill only at early times and then only
to a small degree.

A flow diversion barrier constructed of gravel overlain by sand where the sand/gravel
interface is sloped has the potential to effectively eliminate advective water flow onto
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the containers. This is the "Richards" barrier or "capillary" barrier concept described
in Zhou et al. [1996]. In this concept, the containers are covered with the gravel layer,
and the sand layer is placed on top. Any water dripping in from the top of the drift
will be held in the sand layer and diverted off to the side. The gravel layer remains
effectively dry with no water advection through the gravel layer posssible. Thus, the
flow diversion barrier could dramatically reduce the fraction of packages that are wet.

The temperature difference between waste packages and rock can, however, be affected
by backfill. Backfill can act as a thermal insulator which raises the temperature of the
waste packages above the rock temperature [Buscheck et al., 19961. If the package
surface temperature is above the rock temperature, the relative humidity at the package
surface will be lowered. We have not included this effect in our model directly.
However, this effect is proposed by Buscheck et al. as part of a "localized dryout"
approach that would also remove water from the system through drainage between
widely spaced repository drifts. This approach was modeled in our sensitivity analysis
of engineered dryout, which assumed a greatly reduced fraction of wet packages and
thus effectively included this backfill effect.

4.3.5 Downward water flux

The percolation rate through the repository depends on the infiltration rate at the
surface and lateral diversion away from the repository in the Paintbrush nonwelded
tuffs. These processes are discussed in Chapters 2 and 3 of this report. In this section
we focus on the detailed distribution of water within the repository host rock and
discuss interactions among flux, package wetting, and thermohydraulic effects.

4.3.5. 1 Correlation between water flux and package welting

If percolation is not uniform, one expects more wet packages to be located in the
regions of greater percolation. Mathematically, this creates a correlation between
package wetting and percolation rate. Because the downward flux beneath the package
is an important factor in computing radionuclide transport (Chapters 3 and 14), this
correlation must be quantified.

In this section, we discuss the greater likelihood of finding wet packages in high-
percolation zones for conditions in which the moisture flow system is not affected by
repository heat. Because the repository returns to its original temperatures after 50,000
years, the coefficients for no-heating conditions are directly applicable to the post-
50,000-year period.

The degree to which flow is concentrated near wet packages will, in general, differ
between the conceptual models of unsaturated flow. Both models included in
IMARC-3 have a greater tendency toward nonuniformity than the full-coupling model,
in which an assumption of nearly uniform percolation is reasonable. The full-coupling
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model, after all, is an equivalent continuum model in which the system behaves
according to bulk equations, and the reasons that some containers get wet and others
stay dry have to do with local conditions, how fractures intersect drifts, very localized
inhomogeneities in rock properties, etc., rather than large-scale inhomogeneities.
Perturbations in water flux caused by these factors would be largely smoothed out
within a short distance beneath the repository horizon and little flow focusing would
occur.

For the two models included in IMARC, the flow beneath wet packages will be greater
than the average flow. We represent this effect by a "focused flow factor" which is the
ratio of the percolation rate in areas of wet packages to the percolation rate in areas of
dry packages. The percolation rate beneath the wet packages varies according to water
flow model and thermal regime. The repository-average percolation rate, which is
determined from the assumed unsaturated flow properties of the welded tuff and the
observed age of ground water, is apportioned between wet and dry areas using the
relative numbers of wet and dry waste packages and the focused flow factors. These
calculations and the resulting fluxes are described in Chapter 3

In the strong focusing model, the bulk of the downward flux is concentrated in a few
localized zones. We have chosen a focused flow factor of 15 for this case. In the weak
focusing model, zones of fracture flow are more widely distributed, making the
enhancement of flow less; we therefore chose a focused flow factor of 3 for this case.

To summarize, we adjust the downward percolation rate during the post-thermal
period beneath wet canisters to reflect the fact that waste packages located in localized
areas of high downward water flux are more likely than average to be wet. The
magnitude of the adjustment depends on the conceptual model of unsaturated-zone
water movement. We define it in terms of the focused flow factor, which is calculated
for each conceptual model. The adjustment is as follows:

Strong flow focusing - multiply by 15

Weak flow focusing - multiply by 3

Complete coupling - no significant increase (focused flow factor is 1)

During the thermal period, convective moisture transfer will redistribute the
downward flux and increase the size of wet zones. It is difficult to say how these
processes will affect the relative distribution of moisture between wetter and dryer
regions. For simplicity, ]MARC assumes that during the thermal period the net
downward flux reaching the water table differs between wet and dry zones by the
same factors as in the post-thermal period -15 in the strong focusing case and 3 in the
weak focusing case. Note that the flow focusing factors are not applied to reflux flux
rates, which already incorporate a factor for spatial localization.
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4.3.5.2 Water flux past wet packages during the thermal period

During the thermal period, gas flowing upward through the repository causes water to
evaporate beneath the repository and condense above it. The same molecule of water
can repeat many times a cycle of evaporation, buoyant rise in the vapor phase,
condensation, and flow downward as liquid water. Thus the downward water flow
through the repository can be much greater than the infiltration rate or the rate at
which water reaches the water table.

Little has been published in the way of quantitative estimates of such recirculating
flow. In the case of full coupling and conduction-dominated heat transfer, which is the
basis for most past modeling studies, water is unable to flow down the fractures and
the flux at the repository is the same as at other depths. For the cases analyzed in
IMARC, we obtained the flux through the repository by multiplying the flux to the
water table by the following "recirculation factors', which were estimated on the basis
of professional judgement:

Conduction only - 2

Convection and conduction - 4

Heat pipe - 10

Note that while the recirculation factor is quite a bit greater for the heat-pipe case than
for the convection case, the difference in flow past an individual waste package is much
less. This occurs because the wet-zone flux is assumed to be spread over a larger
number of wet packages in the heat-pipe case.

The variation in the recirculation factor among heat-flow regimes reflects two primary
considerations:

* In the heat-pipe regime, water flows down fractures immediately after
condensing, and this flow occurs throughout the repository. In the other two
regimes, much of the condensate is diverted into fracture zones where no waste
is emplaced.

* Air flow, and therefore the amount of condensate generated, is greatest in the
convection and conduction regime and least in the conduction-only regime.

As a consequence of the recirculating flow, during the thermal period the downward
water flux declines continuously as one moves from the repository down toward the
water table. This poses a difficulty for the hydrology module of IMARC, which
assumes that the downward flux is independent of depth in the unsaturated zone.

4-24



Coupled Processes, Heat Flow, and Water Contact with Waste Packages

The difficulty is resolved as follows. Because the gas permeability of the welded tuffs
is much greater than that of the nonwelded tuffs, almost all buoyant gas flow occurs
within the Topopah Spring welded unit. Thus evaporation will be largely confined to
the depth interval above the bottom of the welded unit. The downward flux through
the underlying Calico Hills unit is largely uniform with depth.

4.3.5.3 The reflux event

An estimate is needed for the time and duration of the reflux event and the flow rate of
water during it.

The refluxing water is water that first evaporates in upward-flowing gas, condenses
when the gas enters cooler rock above the repository, and accumulates there (rather
than immediately draining downward) while the repository temperature is above
boiling. When the repository temperature drops below boiling, this condensate flows
down through the repository; this is the event we call the reflux.

Buscheck and Nitao [1994, Fig. 4] calculate the amount of condensed water that
accumulates above the repository. For our base-case rock permeability of 10.11 m, and a
mass loading of 49.2 MTM/acre, Buscheck and Nitao calculate that approximately 4 x
10' m 3 of water will accumulate above the repository. Because this is the closest to our
83 MTU/acre among the waste loadings they analyze, we will adopt this value.
(Buscheck and Nitao find that water accumulation is somewhat less at both of the other
mass loadings they analyze, 27.1 and 154.7 MTU/acre).

The repository area is 760 acres [Atkins, 1995, p. 3-4]. In our "full-coupling" model of
water movement and "conduction only" model of heat flow, which correspond to the
assumptions made in the calculations by Buscheck and Nitao, reflux occurs in 24% of
the repository area or 182 acres. Because 1 acre = 4047 rr2, this is equal to 7.38 x 10' m.2.

The amount of water passing through the affected area during the entire period of
reflux is 4 x 10' m3 + 7.38 x 10' 2, or a column of water 54.2 m high. The rate and
duration of reflux are completely unknown. To ensure that the model can observe both
package degradation and waste transport during the reflux period, we set the duration
at two time steps, or 2000 years. The flux rate is then 54.2 m + 2000 yr, or 27.1 mm/yr.

The flux begins at the time the a temperature curve crosses 95°. For those cases where
there is reflux for the P temperature curve, the reflux only occurs around packages that
are warmer than the mean for this curve, so we set the time that reflux begins at the
time the curve crosses 90°.

In other conceptual models of water flow, the amount of reflux will vary. However, we
have already tried to take this into account by changing the number of waste containers
exposed to the reflux. It therefore seems reasonable, in the absence of detailed
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modeling calculations for these cases, to adopt the same values for the reflux water
flow rate.

Reflux might also depend on infiltration rate and permeability. We believe that the
dependence on infiltration is small, based on the following argument. There are two
potential sources that can contribute to the accumulation of water above the repository:
water already in the rock before the repository is built, and water that infiltrates during
the period of accumulation. Now, if the total amount of infiltration during the period
of condensate infiltration is small compared to the amount of water previously in the
rock that accumulates, the infiltration rate will have little effect on reflux. The
calculations of Buscheck and Nitao quoted above yield a total accumulation equal to a
13-meter layer of water, with zero infiltration. Unless the infiltration rate exceeds 13
meters divided by the time period of accumulation, the dependence of reflux on
infiltration should be small. For the 3000-year accumulation period given by our a
curve, this means that the dependence of reflux on infiltration can be neglected for
infiltration rates less than about 4 mm/yr.

Buscheck and Nitao show that permeability does have a large effect on the formation of
condensate, especially for permeabilities exceeding 10W1 in2 . This dependence is
included in the model by exposing a greater number of packages to reflux in the
convective heat transfer regime, which corresponds to a higher permeability, than in
the conductive regime. As the amount of reflux water per package is assumed to be the
same in all cases, the total amount of reflux is higher in the higher permeability regime.
The dependence assumed in the IMARC model is less than the variability shown by
Buscheck and Nitao [1994, Figure 5], because higher permeability will provide more
opportunities for condensate to drain around the regions that are above the boiling
point, an effect that Buscheck and Nitao do not model.

4.4 Comparison with DOE and NRC performance assessments

4.4.1 DOE Total System Performance Assessment

The DOE Total System Performance Assessment for 1995 [Atkins et al., 1995] bases its
predictions of heat flow and water movement around a repository on a detailed model
of coupled thermohydrological effects. In this section, we will compare our
assumptions with assumptions made in the TSPA-95 modeling effort. Our focus will
be on differences that significantly affect results.

The reader should bear in mind the inherent differences between the modeling
methodology used in TSPA-95 and the judgmental estimation that is more frequently
employed in IMARC-3. Inevitably, a quantitative model will have built-in assumptions
that narrow the range of alternatives that the model can address. These assumptions
are very valuable, because they enable the model to base estimates of repository
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behavior on quantitative, measured data. At the same time, the assumptions often
exclude alternative conceptual models that might be applied to the system being
modeled. Systems-level models like lMARC-3 are better able to incorporate alternative
conceptual models, but at the price of less precision in the use of measurements to
predict behavior. The choice between the two kinds of model is inevitably a trade-off,
with each more susceptible to a different kind of error.

4.4.1.1 TSPA-95 approach

The TSPA-95 study modeled a two-dimensional domain consisting of a thin column
extending vertically from the water table to the ground surface and horizontally from
the center of a repository drift to the mid-line between two adjacent drifts. At the
center of the drift is a single waste package. Multiphase fluid flow and heat transfer
around the repository was simulated in this geometry with the FEHM code developed
by Zyvoloski et al. [1995].

The model geometry in TSPA-95 involves approximations that could affect predictions
of temperature and moisture movement:

* The heat source must be uniform along the drift, because this direction is normal to
the plane of the 2-D simulation. If the heat source were simply averaged along the
length of the drift, localized heating near the packages would be neglected and
maximum package temperature, a quantity of great importance in evaluating
package performance, would be underpredicted. To avoid this problem, the
"smeared" heat source used in the model was set at a value greater than the average
(27% greater in the 83 MTU/acre case). But for long-term and far-field temperature
calculations, the average thermal power is the relevant figure and the TSPA-95
model therefore overpredicts temperatures after the first few hundred years.

* The limited horizontal extent of the model makes it impossible to simulate
repository-scale convective gas flow, which results from temperature differences
between the repository and areas beyond it in the lateral direction. At the ISPA's
baseline rock permeability of 4 x 10' in2, this introduces little error in calculated
temperatures because convective heat transfer will not be significant. But if
permeability is greater, the assumption could cause a significant deviation in
temperature. Moreover, unless permeabilities are unexpectedly low, the neglect of
large-scale flow will lead to a severe underestimation of the amount of water that
condenses above the repository. Thus the TSPA modeling strategy assumes away
the possibility of significant reflux flow, which IMARC includes.

* The limited horizontal extent of the ISPA model also implies that the repository
percolation rate must be equal to the infiltration rate, because lateral diversion is
excluded. In IMARC, the repository percolation rate is only 20% of the infiltration
rate.
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Even more importantly, the Zyvoloski model is based on an "effective continuum"
model of water movement in unsaturated fractured rock. This implications of this
assumption are discussed in the next two sections.

4.4.1.2 Relationship among percolation, critical flux, and initial saturation

TSPA-95 uses an effective continuum model of unsaturated-zone water movement (see
Section 2 of this chapter) in which the "critical saturation" is 100%. There are also
sensitivity analyses in which the critical saturation is reduced to 95%.

The initial saturation, the repository percolation rate, and the critical saturation must
appear, implicitly or explicitly, as parameters in any model of unsaturated-zone flow at
Yucca Mountain. These parameters are linked; any two of them may be taken as
independent variables and used to determine the third. TSPA-95 treats the initial
saturation and the critical saturation as the two independent variables. It takes
measured values of initial saturation along with a theoretically determined value of
critical saturation and uses them to determine the repository percolation rate (assumed
equal to the net infiltration). This leads to the condusion that the percolation rate is
much smaller than the critical saturation, so that fracture flow is not significant.

LMARC-3 starts from the chlorine-36 age data discussed above, which indicate that fast
fracture flow occurs in some, but not all, of the repository host rock. This implies that
the either the percolation flux or the critical saturation is spatially inhomogeneous; for
modeling convenience, IMARC treats the flux as spatially inhomogeneous and assumes
a single effective conductivity curve (and therefore a single value of critical saturation).

In its unsaturated-flow calculations, IMARC first focuses on the "dry" zone of the
repository where older water ages are obtained. The percolation flux in this area is
fixed at the value that corresponds to measured chlorine-36 ages of "old" water at
Yucca Mountain. Given the fixed values of critical saturation and flux, initial saturation
is calculated by the model. IMARC then turns to the wet zone, determining the flux by
assigning the remainder of the total percolation flux through the repository (assumed to
be 20% of the total infiltration, the remaining infiltration being diverted laterally by
capillary barriers) to this zone. As in the dry zone, the initial saturation is calculated
from the flux and effective saturation curve.

4.4.1.3 The effective continuum model and TSPA conclusions

The TSPA-95 assumption of a critical saturation of 100% implies that, under present
conditions, net infiltration to Yucca Mountain must be less than the matrix permeability
of the Topopah Spring welded tuff. Otherwise, mass balance could only be maintained
by draining water through the fractures. The net infiltration is therefore constrained to
an extremely small value and effectively removed as a source of water during the
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period of repository heating. In the TSPA-95 sensitivity analyses, the infiltration is not
recalibrated but remains at the small value derived for 100% critical saturation.

A second consequence of assuming a critical saturation of either 95% or 100% is that
any condensate deposited above the repository by buoyant gas flow is retained in the
matrix, and only after a significant volume of water has accumulated does it begin to
flow through fractures. Heat pipe effects, which rely on fracture flow, are less effective
in cooling the repository than they would be if all condensate flows back in fractures.

Through both of these mechanisms, the assumption that fractures remain dry until the
matrix is saturated makes it easier to conclude that heat will keep the repository dry.

TSPA-95, discussing scenarios in which water accumulates above the repository as a
result of convective flow, concludes that "rewetting of waste packages only occurs in
scenarios with high infiltration rates." The dependence of rewetting on infiltration
rates does not reflect wetting by infiltrating water. Rather, in the initial calibration of
the TSPA-95 model, higher infiltration rates lead to higher initial saturations. With
higher initial saturation, less water accumulates in the matrix above the repository and
more condensate is available to flow down fractures and rewet the repository. Thus, a
model in which the infiltration rate is treated as an independent variable can plausibly
lead to less dependence of rewetting on infiltration than was found in TSPA-95.

4.4.2 NRC Iterative Performance Assessment

The most recent version of the Nuclear Regulatory Commission's Iterative Performance
Assessment of Yucca Mountain [Wescott et al., 1995] does not include coupled
thermohydrologic effects. Thus the NRC's conclusions in this area are not directly
comparable with IMARC.

4.5 Conclusions

Repository performance is heavily dependent both on temperature and on how much
water contacts the waste. These two factors, in turn, are mutually interdependent and
will depend on heat transfer regime, water flow regime, and repository loading. This
chapter has presented a technique for incorporating the interactions among these
phenomena and associated uncertainties into a repository performance model.

To incorporate the uncertainties about heat transfer and water flow into a performance
assessment, one must analyze several scenarios corresponding to different hypotheses
about the relevant physics. These scenarios will affect waste container corrosion, waste
dissolution, and radionudlide transport from the repository.

The main tool used in this technique is a five-dimensional matrix whose axes
correspond to alternative waste loadings, flow regimes, heat transfer regimes, waste
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package temperature histories, and modes of water contact with the waste package.
We apply the method quantitatively by putting numbers in the cells of the matrix;
however, it must be understood that these numbers often represent judgmental
estimates rather than the results of calculations.

Each combination of heat transfer regime, flow regime, and waste loading gives a
different scenario. The scenarios determine the temperatures of waste containers and
the amount of liquid water they contact. For each scenario, we specify the fraction of
waste packages experiencing each combination of temperature history and water
contact mode; these 12 fractions add to a total of 1 in each case.

Each scenario is carried through all portions of the repository system it affects,
simulating corrosion, waste dissolution, and transport with a consistent set of
assumptions. For example, if water flows downward only in localized zones, not only
is it true that fewer waste packages get wet, but the water flux below those packages is
greater than the repository-wide average. Thus, the value of downward water flux
used in the radionuclide transport model is increased.

The five-dimensional matrix of scenarios and package fractions provides a method for
capturing the correlations among heat transfer, water flow, waste package
performance, and radionuclide migration in a performance assessment model.
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5
CONTAINER PERFORMANCE ASSESSMENT FOR THE

PROPOSED YUCCA MOUNTAIN REPOSITORY

(DANIEL B. BULLEN)

5.1 Introduction

In the most recent report to Congress, the Nuclear Waste Technical Review Board
(NWTRB) reiterated that "the DOE (Department of Energy) should continue its efforts
to identify engineering concepts that could help the EBS (engineered barrier system)
the three roles (complete containment, low mobilization, slow release) set out for it in
the waste isolation strategy" [1]. The current waste container design concept is a good
first step in developing an engineered barrier system to address these performance
criteria. The container performance assessment effort of the Electric Power Research
Institute (EPRI) Methodology Application Team (MAT) has undertaken the task of
evaluating the current DOE waste package design using the IMARC risk-based
methodology and comparing the predicted performance with predictions by the DOE
in TSPA-95 [2] and the US Nuclear Regulatory Commission in IPA-2 [3]. In addition,
an advanced container design employing multiple barriers of highly corrosion resistant
materials is also proposed and evaluated in this report using the 1MARC methodology.

Initial studies of the total system performance of the Yucca Mountain site completed as
part of the Electric Power Research Institute (EPRI) Methodology Development Team
(MDT) effort [4-6] indicated that the performance of the containment barrier system
(CBS), which includes the waste package and waste form container, will be
significantly impacted by the near-field environment. The CBS is a subset of the
engineered barrier system (EBS), which also includes the near-field environment
associated with the borehole or drift, and backfill materials. The containment barrier
failure model employed in the MDT effort [7-10] indicated that the threshold time to
CBS failure, mean time to failure for the CBS, and the failure rate at the mean time to
failure can significantly impact the total system performance of the facility.

The waste package designs under consideration in this study include two container
concepts. The first concept, which represents the current baseline waste container
baseline design for the Yucca Mountain Project, employs an inner 2 cm-thick metal
barrier comprised of Alloy 825 [11]. This barrier is surrounded by a 10 cm-thick
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corrosion allowance material, such as carbon steel. This design is a modification of the
previous multi-purpose container (MPC) design developed by DOE. The second
containment barrier design, the high-performance container (HPC) design concept,
employs an outer 0.5 cm-thick Grade 16 titanium alloy barrier surrounding a 2 cm-
thick Alloy C-22 barrier. This container design will also employ a filler material of a
low-melting point alloy 43.7Pb-56.3Bi . The addition of this filler material will
significantly improve the heat transfer and shielding characteristics of the waste
package and reduce the potential for criticality. The thickness of the high-density Pb-Bi
filler material can be optimized to reduce surface radiation to levels similar to those
predicted for the MPC design. The selection of a titanium alloy as the outer barrier
material will provide a significant reduction in the potential for microbiologically
influenced corrosion when compared to the carbon steel outer barrier of the MPC
design. In addition, the titanium-Alloy C-22 galvanic couple will result in little
enhanced corrosion since the steady state electrode potential in flowing sea water
(versus a saturated Calomel electrode) is -0.08 V for titanium and -0.10 V for the Alloy
C family of materials [12].

These two container designs are evaluated in this study with respect to relevant
repository conditions to determine applicable failure mechanisms and CBS failure
distributions. The results for the evaluation of the current DOE container design are
compared with those obtained in the TSPA-95 and IPA-2 efforts.

5.2Containment Barrder Model

The CBS failure model presented in this study calculates the cumulative container
failure rate as a function of three parameters; 1) the mean container lifetime, 2) the
threshold container failure time, and 3) the failure rate at the mean container lifetime.
These parameters are used as variables in Weibull distributions to estimate the failure
rate of individual container layers as a function of time and repository conditions. The
container failure model also includes terms describing containers that are failed when
emplaced and containers susceptible to "early failures." In addition, the container
failure model described in this study evaluates the effects of multiple, concurrent
repository environments on the performance of the entire container population.

The development of containment barrier system failure models requires an evaluation
of the relevant failure mechanisms that may occur under "normal" and "off-normal"
conditions over the lifetime of the repository. In this study, "normal" repository
conditions are assumed to include near-field dry-out due to the thermal pulse and the
return of water to the waste container surface by appropriate transport mechanisms
(matrix diffusion or fracture flow) as dictated by the dominant heat transfer and flow
conditions, as described in Chapter 4. In addition, the CBS model can allow a region of
the repository to remain wet or experience a more rapid re-saturation. These would be
considered "off-normal" conditions. An extensive review of the literature to determine
the potential degradation modes and failure mechanisms for the initial container
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candidate materials has been completed [13]. This review identified a number of
possible failure scenarios for the design basis, single metal, thin-walled container.

Another literature review [14] has been completed to address the degradation modes
for nickel-chromium-molybdenum alloys including Alloy 825 and Alloy C-22. The
most probable failure scenarios identified in these studies included failure due to:
general oxidation and corrosion; localized corrosion (crevice and pitting corrosion);
stress corrosion cracking (primarily at the closure seal); degradation due to metastable
microstructure; and embrittlement due to hydride formation. The operable failure
mechanism for each container is a function of the service environment, container
material, method of closure, and the thermo-mechanical history of the material.
Although it is difficult to predict the actual failure mechanism for each container
design, an assessment of the critical issues relating to container degradation centers on
localized corrosion (pitting) or stress corrosion cracking associated with the closure seal
for the corrosion resistant alloys and general oxidation during the "dry-out" period,
and aqueous corrosion thereafter, for the corrosion allowance material. A literature
review of potential candidate materials for the corrosion allowance barrier has also
been completed [151. This study suggested that a dry environment with relative
humidity less than 50-60% will yield the best performance for the corrosion allowance
barrier. These data are consistent with the observed oxidation performance for iron
and steel in environments with relative humidities less than approximately 60%, as first
noted by Vernon [16-19]. Data from all of these studies, which were relevant to the
effect of relative humidity on the performance of the corrosion allowance materials,
were employed to derive materials parameters for the IMARC CBS model.

Other important parameters that impact the long-term performance of the waste
package include galvanic effects and microbiologically influenced corrosion (MIC).
The MPC container design may provide some enhanced container lifetime due to the
potential for galvanic protection of the inner Alloy 825 barrier by the coupling with the
less-Noble carbon steel outer barrier. The extent to which galvanic protection will
improve containment barrier performance must be verified with repository-scale
experiments and is not considered in the current IMARC CBS model. The potential
galvanic effect is less significant for the HPC design, as noted previously. This may be
a significant conservatism in the treatment of container failure. Another advantage of
the HPC design is that it should provide significant resistance to the effects of MIC due
to the substantial resistance to MIC afforded by titanium alloys.

Due to the complexity of the degradation modes and the associated uncertainty in the
actual environment of the repository horizon, an accurate evaluation of any of the
current models for the purpose of initial performance assessment modeling efforts is
extremely difficult. Therefore, it was necessary to take a different approach to the
development of the CBS failure model.

5-3



Container Performance Assessment

The application of statistical techniques to estimate the failure of containers has been
proposed previously to predict the experimental data requirements for the validation of
container performance. These statistical techniques included the utilization of Weibull
and exponential distributions. An initial study of the applicability of Weibull statistics
for high-level radioactive waste container failure prediction was completed by Thomas
[21]. This study suggests that the three-parameter Weibull function may be applicable
to the determination of CBS container failure rates. In addition, Weibull distributions
may also aid in the interpretation of results from any accelerated waste package testing
undertaken as part of the confirmatory testing to be completed during the 75 to 100
year long emplacement phase of repository operation. The container failure rate model
developed in this paper employs Weibull and exponential distributions to describe CBS
failure rates for various sets of repository conditions.

The cumulative distribution function for the Weibull distribution, W(t), which is the
fraction of containers that have failed up to time (t), is given by:

Wt) =1 ( i )] (5-1)

where:

Xi = lower limit of container lifetime or threshold failure time

fi= meancontainerlifetime

bi= Weibull slope (represents the failure rate at the mean lifetime)

This equation forms the basis of the model for CBS failure developed in this study.
Weibull distributions are utilized to represent the failure rates of individual barriers in
single and multiple barrier containment systems.

The CBS model must also address the possible emplacement of failed containers that
were not detected with non-destructive evaluation methods prior to disposal. In
addition, premature failures that occur due to abnormal localized conditions,
fabrication flaws, incorrect emplacement, and other parameters that may impact a small
fraction of the total container population must also be included in the model. An
additional function is required to address these failure scenarios. This function
includes a constant term to represent containers failed at emplacement and an
exponential term to represent the "early container failures". The equation employed in
this CBS model, which represents the fraction of containers that fail prior to the
threshold failure time, is given by
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C(t) = c + co(1- exp[ t ]) (5-2)

The parameters in this equation are defined as:

c = fraction of containers failed at emplacement

co = fraction of containers susceptible to early failure

to = mean time for early container failure

The use of redundant multiple barriers and the failure rate of the waste form container
(pour canister or cladding) can also significantly impact the release rate of
radionuclides from the CBS. These failure rates are modeled using additional Weibull
distributions in the CBS failure model. The combination of the parameters for the
containment barrier system including metal barrier failure rates, waste form container
failure rates, and the potential for "early container failures" can be represented as the
product of a series of Weibull distributions, Wkl(t), as:

C(t)=C+C( [-exp[-)+cidirI Wkt) (5-3)
L 71 k .1

where:

ci = fraction of containers exposed to specific environmental conditions

di = step function operator where d(t) = 0 for t < xi, and d(t) = 1 for t > xi

Wk,l (t) = Weibull distribution under each respective thermal regime (k = 1, 2, 3)

for each containment barrier 0 = 1, 2, 3).

It should be noted that the summation of all of the container fractions (ci) is equal to 1.
No container is counted twice in the container failure model.

One of the major limitations of the containment system failure model that was
developed during the initial performance assessment efforts [2-6] is the inability to vary
environmental conditions over the container population in the repository. This
limitation is manifest in the uniform treatment of the container population. The current
thermal model of the repository includes three distinct temperature regimes to account
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for the variation in container failure rates as a function of near-field environment
conditions. This adaptation includes the use of additional Weibull distributions for
each temperature regime.

Significant improvements in the containment barrier system (CBS) model have been
incorporated into the latest version of IMARC. These improvements incorporate the
effects of temperature, humidity and microbiologically influenced corrosion (MIC)
factors on the corrosion of each barrier. These improvements enhance the capability of
IMARC to accurately model the long-term performance of the proposed Yucca
Mountain repository.

The revised version of the container failure model for the EPRI IMARC code, which is
similar in form and function to previous IMARC containment barrier models [4-10],
employs exponential and Weibull equations to describe the failure rate of each barrier
as a function of time. These equations are combined to permit the evaluation of various
populations of containers in different portions of the repository that will experience
differing thermal histories and water contact modes. The Container Failure Rate
Equation for the current DOE container design is given by

C(t)= c+c cf- Expr- j~j+cjdj fiWk,I,m(t) (5-4)
t [ ~to I X kiionm''

where:

c = fraction of containers failed at emplacement. For these calculations, c = 0.00001

co = fraction of containers susceptible to early failure (High Temp Oxidation, MIC)

cj = fraction of containers in each water contact mode for each temperature regime

dj = step function operator - defines operational time period of failure mechanisms
for each barrier

k : three temperature curves, 1->a, 2->JB, 3-> y.

1: container barriers (including cladding).

In MPC case, 1->"steel", 2->"Alloy 825", 3->"cladding"

m: four water contact modes, 1->"Dry", 2->"Wet-Drip", 3-> "Episodic",

4-> "Moist-Continuous"

The Container Failure Rate Equation for the HPC concept is given by
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C(t) = c + COt - Exp[ j+X cjdifl WkA.W. (5-5)

where:

c = fraction of containers failed at emplacement. For these calculations, c = 0.00001

co= fraction of containers susceptible to early failure (High Temp Oxidation, MIC)

cj = fraction of containers in each water contact mode for each temperature regime

dj= step function operator - defines operational time period of failure mechanisms
for each barrier

k : three temperature curves, 1->a, 2->P, 3-> y.

1: container barriers (including cladding).

In HPC case, 1->"Grade 16 Ti", 2->"Alloy C-22", 3->"Pb-Bi Alloy", 4->"cladding"

m : four water contact modes, 1->"Dry", 2->"Wet-Drip", 3-> "Episodic",

4-> "Moist-Continuous"

For these calculations, the values of for c = 0.00001 and co = 0.0001 were selected by the
author. These values represent a 10% chance that one container in 10,000 will be failed
at emplacement and assumes 1 container in 10,000 is susceptible to early failure. These
values were chosen based upon numerous conversations with Yucca Mountain Project
engineers and other metallurgical and manufacturing engineers. It was assumed that
almost no containers would be failed at emplacement due to the multiple barrier nature
of the container design and the non-destructive evaluation techniques that will be
employed as part of the quality assurance program associated with container closure.
In addition, due to the thorough characterization of the repository horizon over a
period of many years, any significant areas exhibiting "off-normal" environmental
conditions (e.g., too wet) will most likely not be used for emplacement of waste
packages. The characterization of waste container failed at emplacement and
susceptible to early failure, although exceedingly conservative, is included in all
container failure rate calculations completed in this study. This feature of the IMARC
CBS model may be employed in future sensitivity studies to evaluate the impact of
early container failure in an aggressive, wet environment. Such analyses will permit
the study of the potential impact of relatively short-lived radionuclides on overall
repository performance in the near-term, should more aggressive conditions be noted
during early repository operation.
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An expansion of the summations and products in Equation 5-4 for the current DOE
container design is presented below. Each term in this expansion represents a fraction
of the container population for the entire repository. Containers are grouped in this
manner for each thermal loading and dominant heat transfer mode. Containers are
never induded in more than one group. A similar expansion for the HPC concept
would indude an additional four terms to account for the failure rate of the Pb-Bi alloy
filler material.

C(t) = c +CO Iexp[ t
k L T0 Jr F l(,-exp t-Xlll1bl, F t- (X111 + X121 )T'n rF t- (xII + X121 + X131)lbll

+cd~l exp ~ fill klIL f ill+ f 121 i _ CjL f II + f121 + f131 I
+Cd2(Ie. r t-.XI12i.112 Fx t-(X1 12 +X1"'22 (T expF t-(x1 1 2 +x122 +x132 )J1

L f 112 r J L fl 12 + f 1li LP f112 + f122 +f13 2 J )
(c~~t1 cxp[- X113 r r e[ (X113 + X123 )]1'3 F t- (X113 + )L23 + X133 Tb33

-IC 3 d 3 eXP - - .exp fl1 3 + ft2 3 e +pL f113 + 23 + f1 3 3

+C4d4 expr- 114 T -1b ( 114 -t(X +1I 24F t-t (X114 +X1 2 4 +X134 )r f114 - x f114 + fl -ex f114 + f124 + f134 I

+C5d5 e-xp r- X211l2 exp t -(X2 11 +X221) I _ t- (x211 + + X23 )1) '231
d L f 211 L f211 + f221 2211 f2 1 1 +f221 +f2 3 1 J )

cdf(CI [ j t-X212l 22 r t-(X212 +X=n)lbm'f F t- (X212 + X222 + x2 32 )l 2
+c6d6 OXP f212 k -e[ f212 + fm 2 K xpL f 212 + f. + f2 32 i

+c d(I exp[ t-X213 21 e t-(X 2 13 + X223 1 ex[ t(x 21 3+X223+x2 33j )-
+C 7d 7 l-XP[f213 - k exp[-f213 + f223 u f213 + f223 + f233

( [F _____214 Ft -[ ( t-(x2 1 4 + X224 + x- - )124

+cgd8 1 - dP-f224 - CIPjj f214 + f224 _ f2)4 + f224 +f234 I

+cgdg -exp F 1_ 1 311 J )(, F t- (X3 11 + , 321 )1 b2 1 T, F t- (X311 + X321 + X331 )T )

f31J A f31 1 + f321 I L f3i1 + f321 + f331 I
+c ~dj - exp[ t-XA1 2 1 b312 -1 rF t- (X312 +X3 2 2 ) lb 12 r t-(x3 12 2 +2 X332) lb3

o f312 r dI1 f312 + f322 X dIP1 - f312 + f322 + f33 2 I

r r t-x 3 1 3 313 r t-(x3 13 +x323)132 r t - (x31 3 + x323 + X333 )1 333
+cjjdjl l- expl -F _ -expr - -exp _

L p 313 J f313 + f323 _ f3 13 + f3 2 3 + f333

+cl2dl2 (I- exp[- j_314 | 1-. cxp[- (X314 + x324 ) b(I expF t - (X314 + x324 + x334 ) b3 )

- f3u4 k314 + f324 P f 3 14 + f 3 24 + f334

(5-6)

5-8



Container Performance Assessment

This model for container failure rate requires a number of input parameters for each
barrier based upon the environment to which that barrier is exposed. Limited data are
currently available and have been employed throughout this study to derive relevant
input parameters. Once additional tests in the Exploratory Studies Facility (ESF) are
completed, this model provides a mechanism for the evaluation of container
performance under a wide variety of potential conditions. The most significant impact
of the ESF studies may be the evaluation of the near-field container environment to
determine the time period for transition from low relative humidity with resulting dry-
oxidation conditions to relative humidities greater than 50-60% with aqueous corrosion
conditions. The observation of this relative humidity "switch" will help to determine a
more accurate value for the "threshold time to failure" employed in this study. These
data will also be important in the determination of the failure rate at the mean time to
failure (Weibull slope). These additional ESF studies will provide significant
additional data that can be employed to further refine the cumulative container failure
rate distribution.

5.2.1 Error Bounds for the Container Fallure Rate Equations

The evaluation of the error bounds for the container failure distribution can easily be

completed by calculating the variance (c2) for each Weibull distribution. The variance
for a Weibull distribution is calculated as

2= (fi-xi) 2{(21[(l)} (5-7)

where:

xi = lower limit of container lifetime or threshold failure time

fi= mean container lifetime

bi = Weibull slope (represents the failure rate at the mean lifetime)

r = Gamma function

The standard deviation for a single barrier is calculated as the square root of the
variance for that barrier. The standard deviation for multiple barriers is calculated as
square root of the sum of the variances for each barrier, as shown below for barriers 1,
2, and 3.
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a =42 2 2
=fo +f F2+3 (5-8)

The 2-Sigma bounds for each container design concept are calculated as by adding or
subtracting the square root of the variance, o(t), from the mean time to failure for each
barrier over the time period for each calculation.

The utilization of Weibull statistics as employed in this study permits the calculation of
the cumulative container failure rates for various container populations exposed to a
range of near-field conditions. These failure rate models have been developed to
integrate into the "event tree" employed in the IMARC methodology. Alternative
approaches to waste package performance modeling have been employed by other
performance assessment efforts. Most notably, a stochastic waste package degradation
simulation was employed in the TSPA-95 effort [2]. This model made a number of
assumptions similar to those employed in the current IMARC methodology, including
the transition from moist air oxidation to aqueous corrosion conditions. The significant
difference between the TSPA-95 and IMARC waste package failure models is the use of
a stochastic pitting model as the dominant mode of waste package failure. The
limitations of the TSPA-95 failure model include the simplifying assumptions of

uniform pit area (1 mm2), uniform pit distribution (10 pits/cm2 ), and distribution of
pits over the entire container surface (4,000,000 pits/container). Another simplifying
assumption is that all pits begin to grow at the same time (when the threshold relative
humidity of 85% is reached). This assumption ignores the pit initiation process, which
is the critical step in the pitting process. These assumptions are extrapolations of
observations from laboratory-scale experiments and may not be accurate for large
waste containers. The evaluation of pitting on a stochastic scale, such as that employed
in the TSPA-95 effort, or a deterministic scale, such as that employed in the 1MARC
penetration rate calculations described in the following section of this report, represents
two different approaches to extrapolating short-term corrosion data to long time
periods. Each approach corresponds well with the total system performance model
developed for each study.

5.2.2 Evaluation of Parameters for the Container Failure Rate Equations

Significant improvements in the evaluation of the parameters employed in the
container failure rate equations have been made in the latest version of JMARC. The
evaluation of the threshold failure time and mean failure time for each barrier now
includes the effects of temperature, humidity and microbiologically influenced
corrosion (MIC) factors on the corrosion of each barrier. The incorporation of each of
these factors improves the ability of IMARC to model the long-term performance of the
proposed Yucca Mountain repository.
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5.2.2.1 TIme-Dependent Temperature Effects

The variation of temperature as a function of time during the first 10,000 years
following waste emplacement will have a significant effect on the corrosion rate of the
container materials. This time dependent corrosion rate is introduced into the
container failure model of IMARC by first deriving a polynomial and exponential fit to
the repository temperature curves (a, A, y). The equations that describe each of the
temperature curves, which are shown in Figures 5-1 through 5-3, are presented below.

Alpha Temperature Curve

Ta (t) = sI(I111.500 + 1.43t - 0.008t 2)+ s2 (165.680 +. O.OlOt- 0.000015 t 2 )+ s3 (1664.219t-0 .36 5)

(5-9)

Beta Temperature Curve

TA(t) = sI(67.000 + 0.860t- 0.006t2 )+ s2 (92.940 - 0.007t - 0.0000088 t 2 )+ S3(488.747t- 0 2 73 )

(5-10)

Gamma Temperature Curve

Tn(t) = SI (45.111 + 0.527t- 0.004t 2 )+ s2 (60.611 - 0.006t- 0.0000073t 2 )+ s3 (178.148t' 3 18)

(5-11)

where: sj, s2 and s3 are step function operators for t < 100 years, 100 years < t < 1,000
years, and t > 1,000 years. Each of these equations represents a numerical fit to the a, p

and ytemperature curves with correlation coefficients ranging from 0.974 to 1.000.

5.2.2.2 Temperature and Humidity Dependent Corrosion

The effects of temperature and humidity on the corrosion of carbon steel and Alloy 825
has been evaluated by McCoy, Stahl, and Buscheck [22], and the Civilian Radioactive
Waste Management System Management and Operations (M&O) Contractor [23]. This
work was completed as part of the effort by the M&O contractors to develop corrosion
models for corrosion allowance barriers. The equation for the corrosion of carbon steel
as a function of temperature and humidity is given as:

5-11



Container Perfrmance Asessment

P(t) = A |IC e [e - .k - T]_ t (5-12)

ti

where the parameters for dry oxidation and aqueous corrosion are given in the
following table.

Dry Oxidation Aqueous Corrosion

A = 178,700 pm A =2,525,000 pm

B =6870 K B =2850 K

c =0.33 c = 0.47

k=0 k=0.1908

The value for h represents the effect of relative humidity on the oxidation rate of the
metal. In this model, h is represented by the following equation.

h= - - 100 (5-13)
1%

where H is the relative humidity in percent. Note that h=0 for air saturated with water
and h<0 for unsaturated, dry air. Relative humidity values were defined for each
temperature curve for each time period following emplacement (t < 100 years, 100 years
< t < 1000 years, and t > 1000 years) based upon the calculations completed by McCoy,
Stahl and Buscheck [22]. The values of "h" employed to calculate the penetration rate
curves for each time period are shown in Table 5-1.

5.2.2.3 Microbiologically Influenced Corrosion (MIC)

Another factor that may significantly impact metal container degradation in a moist
repository environment is microbiologically influenced corrosion (MIC). As noted in a
recent workshop on microbial activity at Yucca Mountain, "... the effects of
microorganisms on their surroundings environment depend on presence of adequate
nutrients and moisture to maintain at least a minimum level of activity [24]." In
addition, the report summarizing the results of this workshop also states that
"microbial activity can be limited by insufficient water, temperature extremes, ionizing
radiation, and pH extremes." The environmental conditions that limit activity are
organism dependent. For the purposes of this study, the effects of MIC were assumed
to be negligible during the period of time in which hot, dry conditions prevail. When
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waste packages are assumed to be cool (1T<96 0C) and wet (relative humidity =100%),
the effect of MIC on container degradation is included in the corrosion rate models.
These conditions were selected as the threshold for the initiation of MIC effects.
Although somewhat less aggressive conditions, such as relative humidities in the range
of 90%, may result in an increase in microbial activity in pits and crevices if suitable
nutrients are available, the expected increase is crevice corrosion rate is not expected to
be significant. The most significant MIC effects are expected to occur when large
fractions of the container have the potential to be covered with layers of aerobic and
anaerobic bacteria in the form of a "slime." Such conditions are assumed to promote
large-scale, rapid container failure.

The impact of microbiologically influenced corrosion (MIC) was incorporated into the
penetration model for each barrier materials through the use of an MIC multiplication
factor. This factor was included in the penetration rate equation for the time periods
when the temperature was less than the local boiling point of water (T < 960C). The
MIC multiplication factor was assigned a value of 1 to 100, depending upon the local
temperature, water contact mode, and time period after emplacement. These values
were assigned following discussions at the Microbial Activity at Yucca Mountain
workshop [25]. Although these multipliers are somewhat conservative (some
workshop participants suggested factors of 100 to 1,000), these numbers were deemed
adequate to incorporated the effect of MIC into the CBS model. Additional data on the
effect of site-specific microbes on container performance may be included in
subsequent sensitivity analyses performed using IMARC to evaluate the effects of
potentially aggressive MIC environments on long-term repository performance.

The effects of MIC on container performance in this study can be illustrated by the
following example. The corrosion rate under temperature conditions leading to moist
continuous water contact modes was assumed to be equal to the normal aqueous
corrosion rate for the time period from 100 years to 1000 years following emplacement
and 100 times the normal aqueous corrosion rate for the time period beyond 1000 years
after emplacement, due to MIC. Similarly, MIC multipliers of 1 to 100 were assigned
for dry, wet-drip and episodic water contact modes depending on expected near-field
environmental conditions, as shown in Table 5-1. These MIC factors were employed in
all barrier penetration rate calculations.

5.2.2.4 Carbon Steel Penetration Rate Curve

The total penetration depth for each barrier was calculated by integrating Equation 5-12
over time including the time-dependent temperatures Ta, Tp or Ty.

PC (t)= A f {exp[Ž - j Id t (5-14)

tj
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This integration was accomplished by integrating over the three time periods
represented by the time-dependent temperature curves (i.e., t < 100 years, 100 years < t
< 1,000 years, and t > 1,000 years). The carbon steel penetration rate curves for each
temperature curve (a, A, and y) and water contact mode (Dry, Moist Continuous, Wet
Drip and Episodic) are shown in Figures 54 through 5-9. Note that the penetration rate
for the a and (3 temperature curves is relatively insignificant for times less than about
1000 years due to the dry conditions that are expected to prevail, which results in very
low corrosion rates. The discontinuities associated with the penetration rate curves are
primarily due to changes in the corrosion rate due to temperature changes as a function
of time and the MIC corrosion rate factors that are employed over the course of the
penetration rate calculation.

5.2.2.5 Alloy 825 Penetration Rate Curve

The pitting corrosion of the inner barrier material (Alloy 825) and the corrosion of the
Zircaloy cladding materials were expected to occur at time periods after the peak
temperatures had occurred in the repository. The evaluation of the failure rate for
these barriers was completed at ambient temperatures (T= 250C). This temperature was
chosen to coincide with a majority of the available laboratory aqueous corrosion data
for Zircaloy Alloy 825. Most of these corrosion experiments were completed in
significantly more aggressive environments that expected in the near-field of Yucca
Mountain. The corrosion of Alloy 825 and any additional inner barrier materials, such
as Pb-Bi filler materials or cladding, are assumed to occur under aqueous conditions.
This will most likely be the case even for outer barrier failure at relatively early times
with higher waste package temperatures due to decay heat from the waste. When the
outer barrier fails by pitting corrosion, capillary condensation of moisture and the
hygroscopic nature of the iron corrosion products will provide aqueous corrosion
conditions at the inner barrier surface even at temperatures exceeding the local boiling
point of water. Hence, aqueous corrosion mechanisms should best represent the actual
failure of inner containment barrier materials. The results of these inner barrier failure
rate calculations are similar to those reported elsewhere [7-10] and in previous Yucca
Mountain performance assessment efforts supported by the Electric Power Research
Institute [4-6] and are summarized below.

Pitting corrosion is primarily an electrochemical process that occurs due to potential
differences between points connected by an electrolyte. A recent review of pitting
corrosion with respect to metals exposed to soil systems has been completed by
Mughabghab and Sullivan [20]. The factors identified in this review that significantly
impact corrosion of metals exposed to subsurface environments include:

1. Aeration factors that influence the amount of oxygen and moisture that reach the
metal.
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2. Electrolyte factors that address local water chemistry (e.g., pH, resistivity, Cf,
S0-2 and coD.

3. Electrical factors that define size, number, and location of anodic areas.

4. Miscellaneous factors that include microbial corrosion, differential aeration, and the
area effect.

Empirical correlations have been developed by Mughabghab and Sullivan [26] that
address the role of the first two items on the pitting process.

Extensive subsurface corrosion investigations have been completed by the National
Bureau of Standards (NBS). [NBS has recently been renamed the National Institute of
Standards and Technology (NIST)]. Early investigations by Romanoff [27] at the NBS
tested 333 different materials in 128 different environments for extended time periods.
Additional soil exposure tests include approximately 10,000 specimens of stainless steel
buried by the NBS at six sites in the United States [28]. Based upon the corrosion data
for ferrous materials in 47 different environments for time periods of up to 18 years,
Romanoff [27] developed a correlation of the maximum pit depth as a function of time:

h (t) = kt (5-15)

where:

h = maximum penetration of the pit in mils (0.001 inch = 25 pm)

k = pitting parameter for maximum pits in mils/year n

t = exposure time in years

n = pitting exponent - near field environment-dependent parameter

Other empirical correlations have been attempted. However, Mughabghab and
Sullivan [26] state that the correlation expressed in Equation 5-15 is the most common
expression used to estimate the rate of maximum pit growth. In the NBS study [27], the
value of n was found to be correlated with the degree of aeration of the subsurface
environment and the parameter k reflected the corrosivity of the environment.

Evaluation of the relevant data presented in the Romanoff study [27] requires an
adaptation of the empirical relation presented in Equation 5-15. Based upon this data,
the maximum pit depth takes the form:

h(t)=kt'( A =(5-16)
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where:

h = maximum penetration of the pit in cm

t = exposure time in years

k = pitting parameter for maximum pits in cm/year n

n = pitting exponent - near-field environment dependent

A = surface area of the container in cm 2

372 cm2 = scaling factor that arises from the geometry of the original test coupons
that were used to obtain the data for determining the values of k and n.

a = experimentally derived correlation coefficient

Extensive studies by Logan [29, 30] and Scott [31] evaluated values of "a" for ferrous
materials. These values ranged from 0.08 to 0.32 with a mean value of approximately
0.15. A re-evaluation of the Logan data [29] for sandy soils with good aeration has been
completed in this study. Eight soils were described by Logan as "gravely" or "sandy
loam." Since the near-field environment surrounding the container will most likely
consist of crushed tuff as a backfill material, this region most closely resembles a sandy
soil. The average value of "a' for the eight sandy loam soils in the Logan study was
0.15. This value was employed for all pitting calculations in this study.

Values of "n" have been calculated through empirical expressions derived from the
Romanoff data [27] based upon the degree of aeration of the subsurface environment.
Values of "n" over the range 0.26, 0.39, 0.44 and 0.59, represent good, fair, poor, and
very poor aeration, respectively. Since the backfill environment will be significantly
more porous than the original rock matrix and since the repository horizon is situated
in the unsaturated zone, the near-field environment will have "good " aeration. Hence,
a value of n = 0.26 was employed in this study for moist continuous conditions.

Following extensive review of the Romanoff data [27], the value of the pitting
parameter "k" has been empirically determined to be a function of the pH of the
environment, as described in the following relationships:

k=0.1458x(10-pH) pH<6.8

k = 0.0457 6.8 < pH < 7.3

k = 0.0256 x (pH - 5.13) 7.3 < pH
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For example, the value of k is calculated for low pH conditions (pH < 6.8) by
subtracting the measured pH value from 10 and multiplying the result by 0.1458.
However, the geologic composition of the near-field environment at the Yucca
Mountain site consists primarily of volcanic tuff, which acts as a local buffering agent
and maintains a pH of approximately 7.1 to 7.2 [32]. Based upon this pH, a value of k =
0.0457 is employed in all pitting calculations in this study.

The utilization of a scaling factor "A" to permit the extrapolation of small scale coupon
tests to waste-package scale penetration rates may be near the limit of reasonable
assumption. However, similar extrapolations are routinely made for estimating the
effects of pitting corrosion for large scale applications, such as estimation of pitting
performance in pipeline steels. A more suitable scaling factor may be derived from full
scale waste package corrosion and heater tests in the ESF.

Due to the extremely long time periods required for performance assessment
calculations for the Yucca Mountain site (10,000 to 100,000 years), this study makes the
assumption that when a container becomes "wet", both aqueous corrosion and pitting
corrosion mechanisms are operable simultaneously. Hence, a more realistic estimate of
containment barrier penetration rate is obtained by employing the sum of the general
corrosion rate and the pitting corrosion rate.

General corrosion is assumed to be the dominant failure mechanism for the metal
barrier materials in the hot, dry repository environment and for materials that are
particularly resistant to pitting corrosion, crevice corrosion and stress corrosion
cracking. The general corrosion rate of a metal can be calculated assuming that the
corrosion rate is constant and independent of time, as shown below:

d = gt (5-17)

where:

d = depth of corrosion

g = general corrosion rate (pm/yr)

t = time

The independence of the general corrosion rate with time is a conservative assumption
since data from Romanoff [27] for long-term exposures of metals in various subsurface
environments indicate that the general corrosion rate decreases with time. General
corrosion is also assumed to be uniform over the entire surface of the container. This
general corrosion model is applicable to materials that are not susceptible to localized
corrosion under repository conditions, such as Grade 16 titanium alloy and Alloy C-22
in the HPC design.
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The addition of the general corrosion term into the Alloy 825 penetration rate equations
induding the appropriate values of "a", "k", and "n", is shown below.

h(t) = gt + 0 .04 5 7tn(.A) (5-18)

where:

g = oxidation/corrosion rate for the Alloy 825 barrier material

n =0.15 for Dry and Episodic Conditions

0.19 for Wet Drip Conditions

0.26 for Moist Continuous Conditions

A = surface area of the Alloy 825 barrier in cm2

This equation may depict more accurately the performance of metal corrosion over long
time periods in which pitting and general corrosion will occur simultaneously. The
additive effects for each corrosion mechanism result in container penetration at shorter
times than would be calculated for either general corrosion or pitting corrosion alone.
The calculated mean time to failure for the Alloy 825 barrier ranges from 23,000 to
33,000 years for general corrosion only and exceeds 100,000 years for pitting corrosion
only. This compares with a range of 14,600 to 24,100 years for the consideration of
additive general and pitting corrosion effects. Hence, this combined mechanism
approach to container penetration rate calculation yields lower mean container lifetime
estimates for the Weibull distributions employed in this study.

Application of these failure models to the proposed CBS designs and projected
repository environments yields a penetration rate curve for the Alloy 825 barrier and
permits an evaluation of the relevant Weibull parameters for each set of near-field
environmental conditions, as shown in Figure 5-10. Acquisition of additional data
pertaining to the degradation of candidate container materials under repository
conditions will permit further refinement of the selected empirical parameters
employed in the corrosion models.

The calculated penetration rate curves completed for this study (Figures 5-4 through 5-
12) represent an extrapolation of relatively short-term corrosion rate data to extremely
long time periods. Although some exposure periods were long (up to 18 years) in
environments that may be significantly more aggressive than the expected repository
environment (aerated sandy loam), these extrapolations may not represent the actual
penetration rates over very long times. The best estimates for container failure rates
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can be derived when the waste packages remain dry. The time of transition from a dry
oxidation environment to a wet corrosion environment is the key step in evaluating
waste package performance. Data from the ESF will provide significant insight into the
thermal response of the near-field and aid in the estimation of this transition time in the
repository.

5.2.3 Parameter Evaluation

After the development of each of the temperature dependent penetration models, the
time for full-barrier thickness penetration was calculated by integrating Equation 5-14
for each temperature curve (a, A, and y) and water contact mode (Dry, Moist
Continuous, Wet Drip and Episodic) and evaluating the resulting function at the
thickness of the respective barrier. The mean time to failure for all container
materials is evaluated as the time required for complete penetration of the barrier
thickness. Since long-term (10,000 year) degradation data are not available for the
candidate materials, the extrapolation of short-term experiments to estimate long-term
corrosion rates may be inaccurate and an error of ±t 100 % is arbitrarily assumed for all
barriers. This means that the actual corrosion rate for each barrier could be twice the
expected rate. Therefore, the threshold time to failure or the lower limit of barrier
lifetime is defined as the time required for penetration of 50 % of the containment
barrier. The threshold time to failure was also determined by integrating Equation 5-11
and evaluating the time for 50% penetration of the barrier. It should be noted that the
time for 50%/6 barrier penetration is not 50% of the full barrier penetration time (as had
been assumed in previous ILMARC studies).

Since actual container failure rate data in a repository environment are not currently
available, the failure rate at the mean time to failure (Weibull slope from Equation 5-1)
for this study is estimated using an evaluation based upon the predicted performance
of each barrier system under the projected environmental conditions expected in the
unsaturated environment. The technique employed in this study is similar to that
described by Hu [331. These methods of Weibull slope evaluation were described in
detail by Hallinan [34]. Two methods were employed in this study to estimate the
Weibull slope. One was a graphical method which included auxiliary scales for
estimating the slope bi with pen and straight-edge techniques. This Weibull slope bi is
then evaluated for each barrier and used in Equation 5-6 to evaluate the cumulative
container failure distribution for each set of the container population.

The graphical method was employed to evaluate the Weibull slopes, b, for the
corrosion allowance materials presented in Figures 54 through 5-9 using the equation
(Y=bX+Yo). This method requires that some initial values (X and Y) for various barrier
thicknesses must first be evaluated. These values are determined by integrating
Equation 5-14 over time periods that yield approximately 100% barrier penetration.
These time periods were varied by ± 10 years, + 50 years and ± 100 years about the
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mean time to failure to permit evaluation of the slope of the failure rate curve at the
mean time to failure. The values for X and Y were determined for each barrier
thickness with the following equations.

X = In(t- x) (5-19)

Y Inin[I( 0 0 } (5-20)L loo % F(t)

where:

F(t) = the cumulative failure rate at time t .

x = the location parameter, which is the smallest time t at which there is a
non-zero probability of failure. In this study, it is the threshold failure
time.

If the failure rate data do indeed follow a Weibull distribution, the values for X and Y
for various barrier thicknesses should plot as a straight line (Y=bX+Yo). The slope of
this line can be easily estimated using two points on the best-fit line. The slope b is
calculated as:

b =Ye- Y'
X2- x (5-21)

The second method, which was employed to estimate the Weibull slope for the
corrosion resistant materials is a least squares method, as shown below:

(xI _ YXY, - F)
b= ' ' (5-22)

(xi - x)

where:

zx SY,

n and n (5-23)

Three steps were employed in this study to estimate the Weibull slope for various
barrier thicknesses under each set of environmental conditions. The first approach was
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to use the least square method to find a slope f for various barrier thicknesses. Next,
these data points were plotted on Weibull graph paper and a best-fit line with the slope
S was determined. Finally, the slope of the cumulative container failure distribution
was adjusted to match the mean failure time:

= I-Yo (5-24)

where f is the scale parameter. In this study, the scale parameter is the mean failure
time and the value for YO is the Y value when X is equal to zero, as suggested by
Hallinan [28].

Once the mean failure time matches the mean penetration time obtained by evaluating
the corrosion penetration rate curve for various thickness barriers, the Weibull slope for
this barrier can be estimated. The Weibull slopes for all barrier materials were
estimated using this method. Experimental data relevant to the selection of all
parameters required in this CBS model will be acquired during the pre-closure,
operational phase of the repository. Additional data may be derived from accelerated,
full-scale container tests completed at experimental sites near Yucca Mountain situated
in geologic media similar to that found at the repository horizon. The parameters
employed for each container design and temperature regime are presented in Table 5-2
and are the variables employed in Equation 5-6 to calculated the cumulative container
failure distributions for each repository scenario.

Although cladding is currently ascribed no containment capabilities under current
regulations, it may be desirable to evaluate the potential impact of cladding failure
rates on radionuclide release rates. The primary cladding failure mechanisms that have
been identified include creep rupture and hydride reorientation. Creep rupture results
from the long-term creep deformation of Zircaloy cladding due to internal stresses
resulting from fission product gas pressure. Gilbert et al., [351 applied theoretical
deformation and fracture theory to develop cladding fracture maps for use in
evaluating dry cask storage options for spent nuclear fuel. These maps indicated that
with temperatures less than 400'C and stresses less than about 200 MPa, there would be
very limited failure of the cladding material. The cladding breach failure rate under
these conditions would be less than 1% of the spent fuel rods in the 40 year period for
dry cask storage of spent fuel.

The failure mechanism identified was pinhole penetration through the cladding. The
pinhole cracks were typically less than 10 pm in diameter. The driving force for the
continuation of crack growth would be internal gas pressure. Since this pressure was
relieved by the pinhole rupture, the mechanism for continued cracking was essentially
deactivated. After the gas pressure was relieved, the remaining stresses were too low
for continued cladding degradation. Therefore, even though the cladding had failed,
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the diameter of the pinhole failure was usually 10 pm or less. This could significantly
impact the radionuclide release rate from failed fuel pins.

The internal pressure of the fuel pin provides the driving force for the creep rupture
failure mechanism. Estimates by Gilbert, et al., [35] may have been significantly
conservative and subsequent evaluations by Johnson [36] suggest that failure times
may be 2 orders of magnitude longer at lower temperatures. At the temperatures and
internal pressures of interest, it appears that there will be limited degradation of the
dadding material under nominal repository conditions. The mean time to failure for
fuel pin cladding may be on the order of 40 to 100 years due to creep rupture for high
temperatures or as long as 4,000 years for low internal pressures and/or low
temperatures. These parameters are easily evaluated with the present Weibull failure
distribution model by employing a "best estimate" of the mean time to cladding failure
of 3,000 years for the dry and episodic water contact modes, which is less than the 4,000
year maximum suggested by Johnson [361. The mean time to failure for the wet drip
and episodic water contact modes was estimated as half that of the dry conditions.
Finally, the threshold time for dadding failure was arbitrarily estimated as 50% of the
mean time to failure. In addition, it should be noted that the failure of the pins results
in very small less than 10 pm) egress pathways for the radionuclides. This will
significantly influence the mass transfer rate of radionudlides from failed pins. The
creep rupture failure mechanism for the dadding is operational prior to breaching of
the container and will be significantly influenced by increases in temperature. The
parameters employed for cladding failure are presented in Table 5-2.

5.2.4 High Performance Container Design

One significant advantage of the waste container model employed in the IMARC is the
ability to evaluate the potential performance of alternative container designs with
currently available data. An evaluation of this type has been completed for a radical
new container design concept. The High-Performance Container (HIPC) Design
employs an outer barrier of Grade 16 titanium alloy as a highly corrosion resistant
barrier that may resist the effects of MIC for long periods. The Grade 16 titanium alloy
is composed of a-Ti with small additions of Pd (0.05Pd) for enhanced corrosion
resistance. Grade 16 titanium has a highly corrosion resistant TiO2 protective oxide
layer. The effect of Pd addition is to increase the ability of the alloy to re-passivate (re-
establish the protective oxide layer) when exposed to a pitting corrosion environment
[371. The corrosion rate for Grade 16 titanium alloy employed in this study was
derived from corrosion tests on Ti-0.2%Pd alloys completed by Smailos, et al. [38J. The
average penetration rate for Grade 16 titanium is plotted as a function of time in Figure
5- 11. It should be noted that the maximum pit depth will be some distribution about
the average penetration rate plotted in Figure 5-11. This figure was employed to
calculate the appropriate Weibull parameters, as described previously.
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The mean time to failure is evaluated as the time required for complete penetration of
the titanium barrier thickness. Since long-term (10,000 year) degradation data are not
available for this material, the long-term corrosion rates are assumed to be inaccurate
and an error of : 100 % is assumed. This means that the actual corrosion rate for each
barrier could be twice the expected rate. Therefore, the threshold time to failure or the
lower limit of barrier lifetime is defined as the time required for penetration of 50% of
the containment barrier. The threshold time to failure is determined by inspection of
Figure 5-11 at 50% penetration of the barrier (0.25 cm). The parameters employed to
model this barrier are presented in Table 5-2.

The second barrier in the HPC is a 2 cm thick section of Alloy C-22. Alloy C-22, a
highly corrosion resistant Austenitic alloy, exhibits superior resistance to pitting
corrosion, crevice corrosion and stress corrosion cracking when compared to Alloy 825
and Alloy C4. This alloy is relatively new and as such, limited long-term performance
data are available [12]. However, the superior performance of Alloy C-22 in extremely
aggressive environments, when compared directly to Alloy 825 and Alloy C-4 [121,
suggest that this material may provide a significant improvement in performance over
Alloy 825. The penetration rate of Alloy C-22 under various water contact modes is
shown in Figure 5-12. These penetration rates were obtained by plotting short-term
aqueous corrosion rates as a function of time. The mean time to failure is evaluated as
the time required for complete penetration of the Alloy C-22 barrier thickness. The
threshold time to failure or the lower limit of barrier lifetime is defined as the time
required for penetration of 50% of the containment barrier. The parameters employed
to model this barrier are presented in Table 5-2.

The third barrier employed in the HPC concept is a filler material consisting of a
eutectic alloy of lead and bismuth. The eutectic alloy consist of 43.7% lead and 56.3%
bismuth. This material was selected to act as a barrier to radionuclide migration and to
improve the heat transfer characteristics of the waste package [39]. A unique property
of this alloy, which is very beneficial to overall barrier performance, is the fact that the
43.7Pb-56.3Bi alloy exhibits no change in thermal expansion coefficient at the solidus
temperature. This means that upon solidification, the alloy will apply no additional
stresses to on the dadding or the container. In addition, this barrier will provide
another layer to limit radionuclide release. The penetration rates for the 43.7Pb-56.3Bi
alloy barrier were estimated using the dry oxidation and aqueous corrosion rates for
pure lead [40]. The parameters employed to model this barrier are presented in Table 5-
2.

The HPC design proposed in this study represents an attempt to conceptualize an
extremely robust waste package. It should be noted that no consideration of container
materials cost, fabrication costs, or ease of fabrication have been considered. The
alternative was developed for this study to permit the evaluation of the impact of a
robust container design on total system performance using the IMARC methodology.
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5.3 Results and Discussion

The results of the calculations of the cumulative container failure distributions for the
current DOE baseline container design under each of the water flow conditions
(Fracture Flow, Matrix Flow, and Localized Flow) are shown in Figures 5-13 through 5-
23. These figures refer to the multi-purpose container (MPC) design. The calculations
were completed for the 10 cm corrosion allowance (A516) outer barrier with a 2 cm
corrosion resistant (Alloy 825) inner barrier. The 2-sigma confidence range is shown
for each calculation. In order to illustrate early container performance, a log-log plot of
each container failure rate curve is provided along with the linear plots. The results of
the calculations of the cumulative container failure distributions for the HPC concept
under each of the water flow conditions (Fracture Flow, Matrix Flow, and Localized
Flow) are shown in Figures 5-24 through 5-34. Similar log-log plots delineating early
container performance are also included on these figures.

In general, the performance of HPC concept is superior to the DOE design for all
thermal loading and water flow regimes, as expected. At shorter times, early container
failures are described by the exponential distribution for all container designs, areal
power densities, dominant heat transfer mechanisms, and water contact modes. The
container failure distributions at times less than about 1,000 years appear very similar,
with variations in failure distribution manifested as shifts in an exponential curve to
shorter or longer times based upon the threshold time to failure for the respective
barriers. These results, which are dictated by the fraction of containers that were
arbitrarily defined as "failed at emplacement" or "susceptible to early failure" suggest
that the criteria for the definition of early container failure may dominate the near-term
evaluation of repository performance. Given the highly engineered nature of the
current DOE waste package design and the proposed HPC design (multiple redundant
barriers), it is extremely likely that no containers will be failed at emplacement. In
addition, with the 75 to 100 year period of operations prior to repository closure, it is
also highly unlikely that waste containers will be emplaced in environments that would
result in susceptibility to "early failures." These parameters, which were included in
the present model to account for current uncertainties in fabrication and evaluation
techniques and in uncertainties in the near-field environment to which the waste
packages will be exposed. To better address theses issues of early container failure, it is
extremely important for the experiments in the ESF to address the assessment of the
actual environment near the waste package surface. The temperature, relative
humidity, and quantity of water contacting the container and the time at which that
contact occurs are critical in evaluating short-term and long-term waste package
performance.

At longer times (t > 100,000 to 200,000 years), the HPC design performs significantly
better than the DOE design. In general, under all conditions of thermal loading, water
contact mode, water flow conditions, and for all container designs, a majority of the
DOE containers are predicted to fail at times on the order of 100,000 years. Similarly
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for the HPC concept, a majority of the containers are predicted to fail at times on the
order of 400,000 years. Hence, if long term (t > 1,000,000 years) repository performance
is required, the containment barrier can only provide limited improvement in
performance characteristics.

Another significant improvement to the containment barrier model in this study is the
addition of 2-sigma bounding calculations based upon the Weibull input parameters.
These analyses provide upper and lower limits of reliability based upon the limitation
of the data employed in the analyses. As more long-term performance data become
available from the ESF and during early repository operation, the Weibull parameters
may be modified to provide more accurate predictions of repository performance with
smaller 2-sigma bounds. These data should address the time dependent evolution of
the near-field environment, as noted previously, as well as any relevant corrosion rate
data that can be derived from full-scale, thermal testing.

The selection of Weibull distributions to model the cumulative container failure
distributions for each container design, thermal loading, and dominant heat transfer
regime still poses the greatest restrictions on the evaluation of containment barrier
system performance. Elimination of the threshold time to failure and evaluating the
Weibull slope at a value of 1.0 simplifies the cumulative container failure distribution
to a series of exponential distributions with the mean time to failure modeled as the
time for full barrier penetration. A brief analysis of this scenario was completed to
evaluate the effect of the selection of Weibull distributions.

The calculated cumulative container failure distribution for the MPC design with an
areal power density of 83 kW/acre, conduction dominant heat transfer and full
coupling between fractures and the matrix yields a container failure distribution as
shown in Figure 5-13. The expected value curve on this figure suggests that the fraction
of the container population not susceptible to early failures will begin to fail at about
8,000 years after repository closure. A similar calculation using exponential
distributions with the same mean time to failure for each barrier resulted in an increase
in the initiation of waste package failure to beyond 20,000 years. Hence, the selection of
the statistical distribution employed to describe the container population may be
significant. The current study employed Weibull distributions with three parameters to
describe each of the containment barrier. Although these distributions result in an
earlier onset of container failure, additional near-field environment data and corrosion
rate data from the ESF may permit modification of the Weibull parameters to permit
better description of actual container degradation as a function of time and
environmental conditions.
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5.4 Comparison with TSPA-95 and IPA-2

The container models employed in this study can be directly compared with those
developed for the TSPA-95 [2] and IPA-2 [3] efforts. These comparison can be used to
infer the applicability of various failure models on total system performance.

The corrosion models employed in the IPA-2 [3] effort addresses the issues of oxidation
at high temperatures (T>961C) and general corrosion, crevice corrosion, and pitting
corrosion [3] at lower temperatures. However, the waste package modeled in the IPA-2
is the thin-walled stainless steel package design described in the Site Characterization
Plan [32]. This waste package design was analyzed in earlier versions of the IMARC
effort [6]. Direct comparison of the results from IPA-2 and the current study are not
relevant since the SCP waste package design is no longer a candidate for use in the
proposed Yucca Mountain repository. It is important to note, however, that the IPA-2
effort does employ temperature dependent corrosion models similar to those employed
in this study.

The waste package performance models developed for the TSPA-2 [2] effort are
incorporated into the Repository Integration Program (RIP) model to develop
cumulative container failure distributions similar to those developed in this study. The
primary difference between the RIP and IMARC container failure models is
represented in the fundamental differences in approach between the two performance
assessment efforts. The IMARC model is based upon an event-tree analysis, while the
RIP model employs a Monte Carlo modeling approach. As such, direct comparison of
the models provides limited information. However, it is very useful to note that the
temperature dependent corrosion rates for carbon steel in dry and moist air
environments are similar in both studies. The TSPA-95 study employs a very elaborate
stochastic pitting model to describe the failure rate of the corrosion resistant barrier. It
is interesting to note however, that the cumulative container failure results for the high
infiltration rate with no backfill at areal power densities of 25 kW/acre and 83 kW/acre
(Figures 5.7-14a and 5.7-15 in [2]) are very similar to the cumulative container failure
distributions calculated in this study for similar conditions (Figures 5-13 and 5-21 in
this study).

Based upon the current capabilities of the IMARC waste package model, it is superior
to the IPA-2 waste package model and very similar to the TSPA-95 waste package
model when attempting to model cumulative container failure distributions under
similar near-field environmental conditions. The most worthwhile areas for
improvement of the IMARC waste package model must address the correlation
between site specific data obtained from the ESF and the development of Weibull
parameters to describe the performance of each barrier.

5-26



Container Performance Assessment

5.5Summary

Significant improvements to the containment barrier model of IMARC have been
completed. The cumulative container failure rate calculation for each barrier now
includes the effects of temperature, humidity and microbiologically influenced
corrosion (MIC) factors on the degradation of each barrier. The incorporation of each of
these factors improves the ability of IMARC to model the long-term performance of the
proposed Yucca Mountain repository. When these factors are included in the container
failure rate model, a majority of the DOE containers are predicted to fail at times on the
order of 50,000 to 100,000 years and a majority of the HPC containers are predicted to
fail at times on the order of 400,000 years. Therefore, the containment barrier may
contribute significantly to total system performance during the early stages of
operation. If, however, the criteria for repository performance requires compliance to

time periods of up to 106 years, the waste package can provide only limited

containment in the range of 104 or 105 years.
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Table 5-1.
Relative Humidity and MIC Values for Penetration Rate Curves

Alpha Temperature Curve

Parameter Dry Moist
Continuous

Wet Drip Episodic

hl - 100 yr

h2 - 1000 yr

h3 - 2500 yr

ml

m2

-90

-75

0

-40

-2

0

1

100

0

0

0

-2

-2

0

1

1

1

10

1

5

Beta Temperature Curve

Parameter Dry Moist
Continuous

Wet Drip Episodic

hl - 100 yr

h2 -1000 yr

h3 - t>1000 yr

ml

ni2

-2

-1

0

-2

_1

0

0

0

0

-2

0

0

1

1

50

100

5

10

2

5
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Gamma Temperature Curve

Parameter Dry Moist
Continuous

Wet Drip Episodic

h - 100 yr

h2 -1000 yr

h3 - t>1000 yr

ml

m2

-2

-1

0

-2

-1

0

0

0

0

-2

0

0

1

1

25

50

5

10

2

5

5-33



Container Perfornance Assessment

Table 5-2. Input Parameter Values for Each Container Design

Parameter Description Multi- High-
Purpose Performance

Container Container

Time (yr) Time (yr)

to Mean Early Failure Time 1,000 5,000

xlii Failure Threshold, Barrier 1, Alpha Curve-Dry 3,150 41,600

x112 Failure Threshold, Barrier 1, Alpha Curve-Moist- 2,510 21,800
Continuous

x113 Failure Threshold, Barrier 1, Alpha Curve-Wet- 2,555 21,800
Drip

x114 Failure Threshold, Barrier 1, Alpha Curve-Episodic 2,610 41,600

x121 Failure Threshold, Barrier 2, Alpha Curve-Dry 8,750 22,000

x122 Failure Threshold, Barrier 2, Alpha Curve-Moist- 4,650 14,000
Continuous

x123 Failure Threshold, Barrier 2, Alpha Curve-Wet- 6,525 18,000
Drip

x124 Failure Threshold, Barrier 2, Alpha Curve-Episodic 8,750 22,000

x131 Failure Threshold, Barrier 3, Alpha Curve-Dry 1,500 1,900

x132 Failure Threshold, Barrier 3, Alpha Curve-Moist- 750 300
Continuous

x133 Failure Threshold, Barrier 3, Alpha Curve-Wet- 750 300
Drip
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x134 Failure Threshold, Barrier 3, Alpha Curve-Episodic 1,500 1,900

x141 Failure Threshold, Barrier 4, Alpha Curve-Dry N/A 1,500

x142 Failure Threshold, Barrier 4, Alpha Curve-Moist N/A 750
Continuous

x143 Failure Threshold, Barrier 4, Alpha Curve-Wet Drip N/A 750

x144 Failure Threshold, Barrier 4, Alpha Curve-Episodic N/A 1,500

f211 Failure Threshold, Barrier 1, Beta Curve-Dry 4,200 41,600

f212 Failure Threshold, Barrier 1, Beta Curve-Moist- 1,020 21,800
Continuous

f213 Failure Threshold, Barrier 1, Beta Curve-Wet-Drip 1,165 21,800

f214 Failure Threshold, Barrier 1, Beta Curve-Episodic 1,350 41,600

x221 Failure Threshold, Barrier 2, Beta Curve-Dry 8,750 22,000

x222 Failure Threshold, Barrier 2, Beta Curve-Moist- 4,650 14,000
Continuous

x223 Failure Threshold, Barrier 2, Beta Curve-Wet-Drip 6,525 18,000

x224 Failure Threshold, Barrier 2, Beta Curve-Episodic 8,750 22,000

x231 Failure Threshold, Barrier 3, Beta Curve-Dry 1,500 1,900

x232 Failure Threshold, Barrier 3, Beta Curve-Moist- 750 300
Continuous

x233 Failure Threshold, Barrier 3, Beta Curve-Wet-Drip 750 300
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x234 Failure Threshold, Barrier 3, Beta Curve-Episodic 1,500 1,900

x241 Failure Threshold, Barrier 4, Beta Curve-Dry N/A 1,500

x242 Failure Threshold, Barrier 4, Beta Curve-Moist- N/A 750
Continuous

x243 Failure Threshold, Barrier 4, Beta Curve-Wet-Drip N/A 750

x244 Failure Threshold, Barrier 4, Beta Curve-Episodic N/A 1,500

x311 Failure Threshold, Barrier 1, Gamma Curve-Dry 3,050 41,600

x312 Failure Threshold, Barrier 1, Gamma Curve-Moist 220 21,800
Continuous

x313 Failure Threshold, Barrier 1, Gamma Curve-Wet 435 21,800
Drip

x314 Failure Threshold, Barrier 1, Gamma Curve- 1,150 41,600
Episodic

x321 Failure Threshold, Barrier 2, Gamma Curve-Dry 8,750 22,000

x322 Failure Threshold, Barrier 2, Gamma Curve-Moist 4,650 14,000
Continuous

x323 Failure Threshold, Barrier 2, Gamma Curve-Wet 6,525 18,000
Drip

x324 Failure Threshold, Barrier 2, Gamma Curve- 8,750 22,000
Episodic

x331 Failure Threshold, Barrier 3, Gamma Curve-Dry 1,500 1,900
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x332 Failure Threshold, Barrier 3, Gamma Curve-Moist 750 300
Continuous

x333 Failure Threshold, Barrier 3, Gamma Curve-Wet 750 300
Drip

x334 Failure Threshold, Barrier 3, Gamma Curve- 1,500 1,900
Episodic

x341 Failure Threshold, Barrier 4, Gamma Curve-Dry N/A 1,500

x342 Failure Threshold, Barrier 4, Gamma Curve-Moist N/A 750
Continuous

x343 Failure Threshold, Barrier 4, Gamma Curve-Wet N/A 750
Drip

x344 Failure Threshold, Barrier 4, Gamma Curve- N/A 1,500
Episodic

fill Mean Failure, Barrier 1, Alpha Curve-Dry 4,100 83,200

f112 Mean Failure, Barrier 1, Alpha Curve-Moist 2,525 41,600
Continuous

f113 Mean Failure, Barrier 1, Alpha Curve-Wet Drip 2,615 41,600

f114 Mean Failure, Barrier 1, Alpha Curve-Episodic 2,730 83,200

fl21 Mean Failure, Barrier 2, Alpha Curve-Dry 24,100 33,000

f122 Mean Failure, Barrier 2, Alpha Curve-Moist 14,600 23,000
Continuous

f123 Mean Failure, Barrier 2, Alpha Curve-Wet Drip 19,200 28,500

f124 Mean Failure, Barrier 2, Alpha Curve-Episodic 24,100 33,000
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f131 Mean Failure, Barrier 3, Alpha Curve-Dry 3,000 3,810

f132 Mean Failure, Barrier 3, Alpha Curve-Moist 1,500 635
Continuous

f133 Mean Failure, Barrier 3, Alpha Curve-Wet Drip 1,500 635

f134 Mean Failure, Barrier 3, Alpha Curve-Episodic 3,000 3,810

f141 Mean Failure, Barrier 4, Alpha Curve-Dry N/A 3,000

f142 Mean Failure, Barrier 4, Alpha Curve-Moist N/A 1,500
Continuous

f143 Mean Failure, Barrier 4, Alpha Curve-Wet Drip N/A 1,500

f144 Mean Failure, Barrier 4, Alpha Curve-Episodic N/A 3,000

f211 Mean Failure, Barrier 1, Beta Curve-Dry 13,000 83,200

f212 Mean Failure, Barrier 1, Beta Curve-Moist 1,030 41,600
Continuous

f213 Mean Failure, Barrier 1, Beta Curve-Wet Drip 1,350 41,600

f214 Mean Failure, Barrier 1, Beta Curve-Episodic 1,825 83,200

f221 Mean Failure, Barrier 2, Beta Curve-Dry 24,100 33,000

f222 Mean Failure, Barrier 2, Beta Curve-Moist 14,600 23,000
Continuous

f223 Mean Failure, Barrier 2, Beta Curve-Wet Drip 19,200 28,500

f224 Mean Failure, Barrier 2, Beta Curve-Episodic 24,100 33,000
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f231 Mean Failure, Barrier 3, Beta Curve-Dry 3,000 3,810

f232 Mean Failure, Barrier 3, Beta Curve-Moist 1,500 635
Continuous

f233 Mean Failure, Barrier 3, Beta Curve-Wet Drip 1,500 635

f234 Mean Failure, Barrier 3, Beta Curve-Episodic 3,000 3,810

f241 Mean Failure, Barrier 4, Beta Curve-Dry N/A 3,000

f242 Mean Failure, Barrier 4, Beta Curve-Moist N/A 1,500
Continuous

f243 Mean Failure, Barrier 4, Beta Curve-Wet Drip N/A 1,500

f244 Mean Failure, Barrier 4, Beta Curve-Episodic N/A 3,000

f311 Mean Failure, Barrier 1, Garnma Curve-Dry 6,200 83,200

f312 Mean Failure, Barrier 1, Gamma Curve-Moist 350 41,600
Continuous

f313 Mean Failure, Barrier 1, Gamma Curve-Wet Drip 850 41,600

f314 Mean Failure, Barrier 1, Garnma Curve-Episodic 1,600 83,200

f321 Mean Failure, Barrier 2, Gamma Curve-Dry 24,100 33,000

f322 Mean Failure, Barrier 2, Gamma Curve-Moist 14,600 23,000
Continuous

f323 Mean Failure, Barrier 2, Garmma Curve-Wet Drip 19,200 28,500

f324 Mean Failure, Barrier 2, Gamma Curve-Episodic 24,100 33,000

5-39



Container Performance Assessment

f331 Mean Failure, Barrier 3, Gamma Curve-Dry 3,000 3,810

f332 Mean Failure, Barrier 3, Gamma Curve-Moist 1,500 635
Continuous

f333 Mean Failure, Barrier 3, Gamma Curve-Wet Drip 1,500 635

f334 Mean Failure, Barrier 3, Gamma Curve-Episodic 3,000 3,810

f341 Mean Failure, Barrier 4, Gamma Curve-Dry N/A 3,000

f342 Mean Failure, Barrier 4, Gamma Curve-Moist N/A 1,500
Continuous

f343 Mean Failure, Barrier 4, Gamma Curve-Wet Drip N/A 1,500

f344 Mean Failure, Barrier 4, Gamma Curve-Episodic N/A 3,000

bill Failure Rate Parameter, Barrier 1, Alpha Curve-Dry 2.00 1.25

b112 Failure Rate Parameter, Barrier 1, Alpha Curve- 2.25 1.25
Moist Continuous

b113 Failure Rate Parameter, Barrier 1, Alpha Curve-Wet 2.25 1.25
Drip

b114 Failure Rate Parameter, Barrier 1, Alpha Curve- 2.25 1.25
Episodic

b121 Failure Rate Parameter, Barrier 2, Alpha Curve-Dry 1.50 1.50

b122 Failure Rate Parameter, Barrier 2, Alpha Curve- 1.50 1.50
Moist Continuous

b123 Failure Rate Parameter, Barrier 2, Alpha Curve-Wet 1.50 1.50
Drip
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b124 Failure Rate Parameter, Barrier 2, Alpha Curve- 1.50 1.50
Episodic

b131 Failure Rate Parameter, Barrier 3, Alpha Curve-Dry 0.75 0.75

b132 Failure Rate Parameter, Barrier 3, Alpha Curve- 1.75 0.75
Moist Continuous

b133 Failure Rate Parameter, Barrier 3, Alpha Curve-Wet 1.75 0.75
Drip

b134 Failure Rate Parameter, Barrier 3, Alpha Curve- 1.00 0.75
Episodic

b141 Failure Rate Parameter, Barrier 4, Alpha Curve-Dry N/A 0.75

b142 Failure Rate Parameter, Barrier 4, Alpha Curve- N/A 1.75
Moist Continuous

b143 Failure Rate Parameter, Barrier 4, Alpha Curve-Wet N/A 1.75
Drip

b144 Failure Rate Parameter, Barrier 4, Alpha Curve- N/A 1.00
Episodic

b211 Failure Rate Parameter, Barrier 1, Beta Curve-Dry 2.00 1.25

b212 Failure Rate Parameter, Barrier 1, Beta Curve-Moist 2.00 1.25
Continuous

b213 Failure Rate Parameter, Barrier 1, Beta Curve-Wet 2.00 1.25
Drip

b214 Failure Rate Parameter, Barrier 1, Beta Curve- 2.00 1.25
Episodic
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b221 Failure Rate Parameter, Barrier 2, Beta Curve-Dry 1.50 1.50

b222 Failure Rate Parameter, Barrier 2, Beta Curve-Moist 1.50 1.50
Continuous

b223 Failure Rate Parameter, Barrier 2, Beta Curve-Wet 1.50 1.50
Drip

b224 Failure Rate Parameter, Barrier 2, Beta Curve- 1.50 1.50
Episodic

b231 Failure Rate Parameter, Barrier 3, Beta Curve-Dry 0.75 0.75

b232 Failure Rate Parameter, Barrier 3, Beta Curve-Moist 1.75 0.75
Continuous

b233 Failure Rate Parameter, Barrier 3, Beta Curve-Wet 1.75 0.75
Drip

b234 Failure Rate Parameter, Barrier 3, Beta Curve- 1.00 0.75
Episodic

b241 Failure Rate Parameter, Barrier 4, Beta Curve-Dry N/A 0.75

b242 Failure Rate Parameter, Barrier 4, Beta Curve-Moist N/A 1.75
Continuous

b243 Failure Rate Parameter, Barrier 4, Beta Curve-Wet N/A 1.75
Drip

b244 Failure Rate Parameter, Barrier 4, Beta Curve- N/A 1.00
Episodic

b311 Failure Rate Parameter, Barrier 1, Gamma Curve- 2.00 1.25
Dry

b312 Failure Rate Parameter, Barrier 1, Gamma Curve- 2.00 1.25
Moist Continuous
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b313 Failure Rate Parameter, Barrier 1, Gamma Curve- 2.00 1.25
Wet Drip

b314 Failure Rate Parameter, Barrier 1, Gamma Curve- 2.00 1.25
Episodic

b321 Failure Rate Parameter, Barrier 2, Gamma Curve- 1.50 1.50
Dry

b322 Failure Rate Parameter, Barrier 2, Gamma Curve- 1.50 1.50
Moist Continuous

b323 Failure Rate Parameter, Barrier 2, Gamma Curve- 1.50 1.50
Wet Drip

b324 Failure Rate Parameter, Barrier 2, Gamma Curve- 1.50 1.50
Episodic

b331 Failure Rate Parameter, Barrier 3, Gamma Curve- 0.75 0.75
Dry

b332 Failure Rate Parameter, Barrier 3, Gamma Curve- 1.75 1.75
Moist Continuous

b333 Failure Rate Parameter, Barrier 3, Gamma Curve- 1.75 1.75
Wet Drip

b334 Failure Rate Parameter, Barrier 3, Gamma Curve- 1.00 1.00
Episodic

b341 Failure Rate Parameter, Barrier 4, Gamma Curve- N/A 0.75
Dry

b342 Failure Rate Parameter, Barrier 4, Gamma Curve- N/A 0.75
Moist Continuous
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b343

b344

0alk

I-

Failure Rate Parameter, Barrier 4, Gamma Curve-
Wet Drip

Failure Rate Parameter, Barrier 4, Gamma Curve-
Episodic

Temperature Curve - Alpha

N/A 0.75

N/A 0.75

100. 1000. 10000. 100000.

Time (yr)

Figure 5-1 Plot of the Alpha temperature curve derived from second order polynomial
and exponential fits to the repository temperature predictions (Equation 5-9)
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Temperature Curve - Beta

000

I-

100. 1000. 10000. 100000.

Time (yr)

Figure 5-2 Plot of the Beta temperature curve derived from second order polynomial
and exponential fits to the repository temperature predictions (Equation 5-10)
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Temperature Curve - Gamma

U

IL
E
a)

100. 1000. 10000. 100000.

Time (yr)

Figure 5-3 Plot of the Gamma temperature curve derived from second order
polynomial and exponential fits to the repository temperature predictions (Equation 5-

11)
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Figure 5-4 Carbon steel penetration rate as a function of time for the Alpha
temperature curve under dry and episodic conditions
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Figure 5-5 Carbon steel penetration rate as a function of time for the Alpha
temperature curve under wet drip and moist continuous conditions
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Figure 5-6 Carbon steel penetration rate as a function of time for the Beta temperature
curve under dry and episodic conditions.
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Figure 5-7 Carbon steel penetration rate as a function of time for the Beta temperature
curve under wet drip and moist continuous conditions.
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Carbon Steel Penetration, Gamma Curve-Dry
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Figure 5-8 Carbon steel penetration rate as a function of time for the Gamma
temperature curve under dry and episodic conditions.
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Carbon Steel Penetration, Gamma Curve-Wet Drip
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Figure 5-9 Carbon steel penetration rate as a function of time for the Gamma
temperature curve under wet drip and moist continuous conditions.
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Alloy 825 Penetration for Three Water Contact Modes
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Figure 5-10 Log-Log and Semi-Log Plots of Alloy 825 penetration as a function of time
at 250C for moist continuous, wet drip, and episodic water contact modes.
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Titanium (TI Gr 16) Penetration Rate
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Figure 5-11 Grade 16 titanium penetration rate as a function of time to 100,000 based
upon corrosion data from Tomashov [37].
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Alloy C-22 Penetration for Various Water Contact Modes
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Figure 5-12 Alloy C-22 penetration as a function of time at 251C for moist continuous,
wet drip, and episodic water contact modes based upon corrosion data from

Gdowski [14].
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MPC, 83 kW/Acre, Conduction - Full Coupling
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Figure 5-13 Cumulative container failure distribution for the MPC design with an areal
power density of 83 kW/acre, conduction as the dominant heat transfer mode and full

coupling between fracture and matrix flow.
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MPC, 83 kW/Acre, Conduction - Partial Coupling
1

0.8

E 0.6
c
.2
t 0.4

0
U..

0.2

0
50000 100000 150000 200000 250000 300000

Time (yr)

MPC, 83 kW/Acre, Conduction - Partial Coupling

as

C
0

1.

U.

100. 1000. 10000. 100000.

Time (yr)

Figure 5-14 Cumulative container failure distribution for the MPC design with an areal
power density of 83 kW/acre, conduction as the dominant heat transfer mode and

partial coupling between fracture and matrix flow.

5-57



Container Performance Assessment

MPC, 83 kW/Acre, Conduction - Fracture Flow
1

0.8

0.6

I

0.2

0 50000 100000 150000 200000 250000 300000

Time (yr)

MPC, 83 kW/Acre, Conduction - Fracture Flow

C
0
a

I

100. 1000. 10000. 100000.

Time (yr)

Figure 5-15 Cumulative container failure distribution for the MPC design with an areal
power density of 83 kW/acre, conduction as the dominant heat transfer mode and

fracture flow as the dominant water transport mode.
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Figure 5-16 Cumulative container failure distribution for the MPC design with an areal
power density of 83 kW/acre, conduction/convection as the dominant heat transfer

mode and full coupling between fracture and matrix flow.
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Figure 5-17 Cumulative container failure distribution for the MPC design with an areal
power density of 83 kW/acre, conduction/convection as the dominant heat transfer

mode and partial coupling between fracture and matrix flow.
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MPC, 83 kM/Acre, Conduction/Convectlon - Fracture Flow
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Figure 5-18 Cumulative container failure distribution for the MPC design with an areal
power density of 83 kW/acre, conduction/convection as the dominant heat transfer

mode and fracture flow as the dominant water transport mode.
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Figure 5-19 Cumulative container failure distribution for the MFC design with an areal
power density of 83 kW/acre, heat pipe as the dominant heat transfer mode and partial

coupling between fracture and matrix flow.
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MPC, 83 kW/Acre, Heat Pipe - Fracture Flow
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Figure 5-20 Cumulative container failure distribution for the MPC design with an areal
power density of 83 kW/acre, heat pipe as the dominant heat transfer mode and

fracture flow as the dominant water transport mode.
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Figure 5-21 Cumulative container failure distribution for the MPC design with an areal
power density of 25 kW/acre, conduction as the dominant heat transfer mode and full

coupling between fracture and matrix flow.
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Figure 5-22 Cumulative container failure distribution for the MPC design with an areal
power density of 25 kW/acre, conduction as the dominant heat transfer mode and

partial coupling between fracture and matrix flow.
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Figure 5-23 Cumulative container failure distribution for the MPC design with an areal
power density of 25 kW/acre, conduction as the dominant heat transfer mode and

fracture flow as the dominant water transport mode.
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Figure 5-24 Cumulative container failure distribution for the HPC design with an areal
power density of 83 kW/acre, conduction as the dominant heat transfer mode and full

coupling between fracture and matrix flow.
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Figure 5-25 Cumulative container failure distribution for the HPC design with an areal
power density of 83 kW/acre, conduction as the dominant heat transfer mode and

partial coupling between fracture and matrix flow.
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Figure 5-26 Cumulative container failure distribution for the HPC design with an areal
power density of 83 kW/acre, conduction as the dominant heat transfer mode and

fracture flow as the dominant water transport mode.
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Figure 5-27 Cumulative container failure distribution for the HPC design with an areal
power density of 83 kW/acre, conduction/convection as the dominant heat transfer

mode and full coupling between fracture and matrix flow.
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Figure 5-28 Cumulative container failure distribution for the HPC design with an areal
power density of 83 kW/acre, conduction/convection as the dominant heat transfer

mode and partial coupling between fracture and matrix flow.
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Figure 5-29 Cumulative container failure distribution for the HPC design with an areal
power density of 83 kW/acre, conduction/convection as the dominant heat transfer

mode and fracture flow as the dominant water transport mode.
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Figure 5-30 Cumulative container failure distribution for the HPC design with an areal
power density of 83 kW/acre, heat pipe as the dominant heat transfer mode and partial

coupling between fracture and matrix flow.
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Figure 5-31 Cumulative container failure distribution for the HPC design with an areal
power density of 83 kW/acre, heat pipe as the dominant heat transfer mode and

fracture flow as the dominant water transport mode.
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Figure 5-32 Cumulative container failure distribution for the HPC design with an areal
power density of 25 kW/acre, conduction as the dominant heat transfer mode and full

coupling between fracture and matrix flow.
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Figure 5-33 Cumulative container failure distribution for the HPC design with an areal
power density of 25 kW/acre, conduction as the dominant heat transfer mode and

partial coupling between fracture and matrix flow.
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Figure 5-34 Cumulative container failure distribution for the HPC design with an areal
power density of 25 kW/acre, conduction as the dominant heat transfer mode and

fracture flow as the dominant water transport mode.
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6
SOURCE TERM MODELS

6.1 Introduction

The objective of the Chapter is to review and evaluate the COMPASS source-term
model used in the newest EPRI's IMARC total system assessment code. Part of this
review and evaluation includes comparison of the COMPASS/DIARC capabilities with
source-term models developed by the NRC and DOE for high-level waste disposal in a
geological repository at Yucca Mountain.

The technical and mathematical bases of the COMPASS source-term model are
described in Section 6.2. Certain features and capabilities built into COMPASS, but not
utilized in the set of IMARC calculations cited in this report, are separately described in
Appendix 6A.

Section 6.3 begins by outlining source-term models in general. The relationship
between capabilities included in a source-term model and the intended purpose of the
model (e.g., bounding analysis, design optimization, safety assessment, licensing) is
stressed. This is followed by a review of NRC, DOE, and EPRI source-term models.
Processes and physical components included in the above models are listed as a basis
for checking the completeness of the COMPASS models. The mathematical approaches
and limiting assumptions used in each source-term model are also briefly discussed.
Based on this comparison, exclusion or simplifications of certain processes in
COMPASS are justified.

In Section 6.4, a comparison is made for the current COMPASS input values with those
in DOE and NRC TSPA documents. Tabulations of these values are made, with
additional comments on data availability, sensitivity, and priority. Section 6.5 contains
the cited references.

6.2 Description of COMPASS

This section describes the source term code used in EPRI's IMARC: COMPASS, Version
2.0. The contents include the technical detail of models and capabilities of COMPASS
Version 2.0 that have been used in IMARC calculations. Features and models that are
not used in IMARC calculations are presented in Appendix 6A.
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6.2.1 Introduction

The computer code COMPASS is a compartment model for predicting radionuclide
release rates from the EBS into the near-field rock. The compartment model has been
previously employed to study the radionuclide transport in the near-field of a
repository [Romero et al., 19911. In this model, different regions, such as waste form,
canister corrosion-product, backfill, near-field rock, fractures, are modeled as a number
of compartments. This process resembles that of the discretization used in finite-
difference or integral finite-difference models. The main difference is that the
compartment model uses much fewer, and thus coarser cells or compartments. Using
comprehensive finite-difference models involving fine grids and different
physical/chemical processes, a single analysis may take several hours or more to
complete, which is not suitable in a probabilistic risk assessment framework, such as
IMARC [McGuire, 1992]. For this reason, the simplified and yet faster-computing code
using compartment model is developed.

1I

Figure 6.2-6-1. Schematic of Waste Package Designs

COMPASS is developed by modifying SCALIBRE [Worgan and Robinson, 1993].
SCALIBRE is a compartment model version of CALIBRE [Worgan and Robinson, 19941, a
two-dimensional finite-difference model of the near-field of a geological repository for
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spent nuclear fuel in saturated conditions. Both SCALIBRE and CALIBRE are
well-verified models.

The central conceptual model for the COMPASS code is shown schematically in Figure
6.2-1. It consists of the spent nuclear fuel encapsulated in metal canisters that are
horizontally emplaced in drifts mined at depth in the repository host rock. A concrete
pad would floor the bottom portion of the drift. The waste canister may be surrounded
by a gravel backfill. The repository containing such nuclear waste packages is assumed
to be above the water table, so that the entire repository region is partially saturated.
The remaining void space in the drifts between the canister and rock wall may be
backfilled with layers of gravel and sand or may be left unfilled.

The following sub-sections will discuss conceptual (Section 6.2.2) and mathematical
(Section 6.2.3) models, followed by the numerical method in Section 6.2.4.

A new feature in COMPASS Version 2.0 is the effects of time-dependent cladding
failure on the matrix release. The through-flow release model is slightly revised. The
dripping water flowing around a waste canister is considered in the advection terms in
the EBS components.

6.2.2 Conceptual Models

COMPASS addresses two types of water-contact modes leading to different source-
terms that may arise in the unsaturated repository: wet-drip and moist-continuum.

The wet-drip mode refers to the condition that the infiltration water drips from the
fractured tuff into the emplacement-drift due to the competition of capillary and
gravitational effects near the top of the drift. The dripping water then contacts the
waste package, causing the release of radionuclides from the failed canister. Two
extreme cases resulting from wet-drip are considered: overflow and through-flow cases.
Overflow cases are not treated in this set of IMARC analyses. Therefore, no further
technical details of this model are discussed in this Section

Through-flow case represents multiple failures in the canister such that the
radionuclides are released by dripping water flowing through the waste (see Figure
6.2-2). The problem involving the location and size of multiple failures in a single
canister is complicated and time-consuming to solve. To simplify the problem, it is
assumed that the failures at the canister bottom have the greater or at least the same
opening areas as the failures at the canister top. Thus, the rate of water leaving the
canister is equal to that entering the canister and no accumulation of water inside the
canister is assumed. The release from the waste package happens when both the
canister top and bottom failures occur. The model also allows a user-defined fraction
of failed canister surface area to calculate the drip rate for a given infiltration rate and
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drip fraction. Flow out of the canister to the gravel backfill is assumed to occur through
a porous medium representing the canister corrosion-product.

The moist-continuum cases are not treated in this set of IMARC calculations. The
details of models of the moist-continuum mode can be found in Appendix 6A.

6.2.3 Mathematical Models

The compartment model of diffusive transport of radionuclides employed in
COMPASS is similar in concept to a coarsely discretized finite-difference mesh. Each
compartment has a volume and surface area determined by the region or feature it
represents in the model. The concentration within a compartment is assumed to be
uniform, so that diffusion or mixing within the compartment occurs instantaneously.
Nuclides are transferred between compartments at a rate determined by advection rate
(if any) and the diffusion coefficients of the materials of the compartments, their surface
area of contact and the physical separation between the compartments. The results
computed from compartment model should provide good agreement with steady-state
results predicted by more detailed finite-difference models. The coarse discretization
and instantaneous mixing within the compartments, however, will inevitably cause
divergence of the transient phase results compared to either analytical solutions or
detailed finite-difference models. To compensate for instantaneous mixing in
compartment models, additional compartments may be introduced. As in finite-
difference models, there is a tradeoff between accuracy and speed: the more
compartments that are introduced to improve the transitory phase behavior of the
solution, the longer the model takes to run.

corr

Figure 6.2-2 Conceptual model of the through-flow model (wet-drip mode).
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In COMPASS 2.0, the minimum number of compartments are introduced to represent
all different EBS and near-field materials and features. Because of complicated flow
and transport scenarios in the unsaturated repository, there are no detailed models that
can be used to verify the optimal number of compartments introduced. More
compartments for one type of material, nonetheless, can be easily introduced based on
the current model whenever necessary.

The compartment model for through-flow model is shown in Figure 6.2-3. The
geometrical system for conceptual models in COMPASS is shown in Figure 6.2-4.
Because the conceptual models are based on the horizontal emplacement plan (see
Figures 6.2-1 and 6.2-2), the cylindrical coordinate system is assumed and all other EBS
components and near-field host rock are simplified as the partial cylindrical shells
concentric to the waste package, as can be seen in Figure 6.24.

dripping

<*--IF diffusive pathway
-* advective pathway

Figure 6.2-3. Schematic of source term compartment model for through-flow release
model
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Figure 6.2-4. Geometrical system for conceptual models in COMPASS.

6.2.3.1 Release Models

The release is considered from radionuclide inventories in the gap and U02 matrix of
spent nudear fuel. The gap inventory is assumed to be released instantly. Inventories
in the U02 matrix are assumed to be released congruently with the
dissolution/alteration of U02 matrix. The U02 matrix dissolution rate is assumed to
be constant. The gaseous release due to uranium matrix oxidation prior to water
contact is neglected.

In the through-flow release model, it is assumed that the solid waste is exposed to
dripping water flowing through the waste form. The radionuclides dissolved from the
solid waste matrix is released into the pore water of the degraded waste form. The
mass balance equation of the ith radionuclide inside the waste-form pore water is:

d. ] = - A,,[VP A '(0)] + Ai_1 [(VP A'-'(t)]+ fg,1 M1 (t1 ) 8(tl)

+ R.fM() U(t1 +t.+t -t) - Q, C' (t), t > t1 (6.2-1)
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where

Awi(t) - total concentration [mol/m3 ] in the degraded waste form;

Vp - pore volume in the degraded waste form [m3];

X- decay constant [1 /yr];

fg andfm - inventory fractions in the gap and U02 matrix, respectively;

Mi(t) - mass of the ith nuclide in the solid waste [mol];

6(x) - Delta function I1/yr];

Ra -- fractional release rates due to the U02 matrix alteration [I /yr];

Cwi(t) - aqueous concentration of the ith nuclide [mol/m3J in the pore water of the
degraded waste form;

t- canister failure time after the emplacement [yr].

The unit step function in the above equation is defined as

_ O,x<O;
u(x) =-Ox o (6.2-2)

The mass in the solid waste form M1t0) is determined from initial inventory MI0 and
relevant mass-balance equations. The initial condition to (6.2-1) is

AWjt 1) = 0 (6.2-3)

The pore water volume is determined by:

VP= V. SI.w (6.24)

where Vw is the waste-form volume [m 3 ], C>w is the degraded waste-form porosity [-]
and SI,w is the waste-form water saturation. Because of relatively finer pore size in the
waste form and sufficient water supply due to dripping, the water saturation inside the
porous waste form is assumed to be 1.0. The water saturation here and the following is
defined as the ratio of total water volume to the total pore volume in a unit cell of
porous medium. It can be obtained by dividing water content by the porosity of the
medium.

The release rate [mol/yr] of the ith nuclide from the waste-form compartment is then
given by:
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m (t) = QtCW (t) (6.2-5)

where QtOt is the effective flow rate that is assumed to be:

Qg = Uofd A ff + DAj'fldc (6.2-6)

where

O- infiltration rate [m3 /yr],

fd - drip fraction [-],

Aw - waste canister cross-sectional area [m2 ] perpendicular to flow,

ff- fraction of failed canister surface area [-1,

De -- effective diffusion coefficient inside the waste form [m 2 /yrl,

Ac - canister surface area [m2 ], and

dc - canister diameter [m].

In the above equation, both advection due to flowing water and diffusion are
considered in the transport of radionuclides between the waste-form and the canister
corrosion-product compartments because a continuum water pathway exists between
the two compartments. In this manner, transport will not be interrupted when the drip
rate disappears or becomes negligibly small. Sorption of radionuclides on the
degraded waste form is neglected.

The above equation avoids the explicit modelling of the porous waste form as an
individual transport compartment although such an option is feasible, and thus saving
some computation time.

The total concentration is given by:

A4(t) = O ff) + PW4(t) (6.2-7)

where Pwi(t) is the precipitated concentration [mol/m 3 l.

If the ith nuclide is an isotope of the kth element and its solubility is CSk, and if the
elemental solubility is exceeded, the aqueous concentration for the ith nuclide is:
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C' = Ck w (6.2-8)

J

where the denominator represents the summation of total concentrations over all
isotopes of the element k.

The above is the release model for the through-flow case in COMPASS 2.0. In the old
version COMPASS 1.0, the release of radionuclides from the solid waste is controlled
by the minimum of waste-water exposure rate and the alteration rate. This is no longer
used because it is difficult to obtain the waste-water exposure rate due to dripping
water flowing through the waste form. Furthermore, in the old version, the
radionuclides, once released from the solid waste form, are carried to the canister
corrosion-product compartment directly. In the new version, the radionuclides first
dissolve into the pore water of the degraded waste form and are subject to solubility
limit. They are then carried to the canister corrosion-product by both advection and
diffusion.

6.2.3.2 Cladding Failure Effects on Matrix Release

In the above release models, it has been assumed that the cladding failure has no effects
on the matrix release for the presentation simplicity. To consider the cladding barrier
effects on the release, an option of implementing the effects of time-dependent cladding
failure fractions on the radionuclide release from U0 2 matrix is available. It is
assumed that the cladding failure has no effects on the overflow release model nor is
this effect considered on gap release for all other models. It is also assumed that the
cladding failure fraction history is expressed as:

f/t) =fAu(t- t) + f 2 u(t-t2 ) + ... + f. u(t-t ) (6.2-9)

wheref4ct) is the cumulative fraction of cladding failed at a given timefi (i=l,...n) is
the fraction of cladding that fails at ti extra to the previous fractions, and u(x) is the unit
step function defined in (6.2-2).

Under the effect of partially intact cladding, the release equation for through-flow
model (6.2-1) becomes:

dt =-A _V~~)+{1 [VpAV (t)+ fto ,Ml (tl )b(t)
d (6.2-10)

+ fi [U(t-t) -U(t - ta - to]QtoC (t)->

J1-
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Example of time history of cladding failure and the treatment of release in COMPASS
are illustrated in Figure 6.2-5. The terms "tnff" and "t,~" denote the canister failure time
and the waste-matrix alteration time, respectively. Cladding failure can start at any
time after the emplacement. The shaded area represents "no release" domain in the
"fraction-time" space. The complete cladding failure at the beginning or the constant
partial cladding failure can be addressed as special cases of fraction-time relations.

Cladding Cumulative
A i FailureFraction

.v 5 W~~~~~~~~~~~~~~tatker

~~*~ L

t, t2 tfi t3 t4 t4 Time

release stops
tf al - canister failure time completely
taj- waste matrix alteration time after tHis time

Figure 6.2-5. Illustration of cladding failure model in COMPASS.

6.2.3.3 Transport in the EBS and Near-Field Host Rock Compartments

The EBS compartments mainly pertain to gravel backfill and concrete pad inside the
drifts (see Figure 6.2-2). En addition, the corrosion-product is included as a separate
compartment.

The near-field host rock compartments include tuff matrix and fractures. Both matrix
and fractures in concrete and rock are treated as separate compartments. Fracture-
matrix diffusion is assumed to occur in fractured medium compartments but can be set
to negligible values.

Mass-Balance Equation

The mass balance equation for the ith nuclide in the nth compartment representing any
of the EBS/near-field materials is:

V. A ( = -TV.A, (t) +i,_V.Aw-(t) + T.[C' (t)- C(t)I t> t1 (6.2-11)

with zero concentration as the initial condition.
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In the above equation,

n- compartment volume [in3 ];

An1 (t) -total concentration for the ith nuclide in the nth compartment [mourn3 ];

Tmn -transfer coefficient between the nth and mth compartments [m3 /yrJ;

CnZ(t) and Cm1 (t) -aqueous concentrations [mourn 3] for the ith nuclide in the nth
and mth compartments, respectively.

Transfer Coefficient

In case of diffusive transport, the transfer coefficient Tmn may be defined as:

T(d,, (6.2-12)

where

Amn - contact area between compartments m and n m]

(Id ) - effective diffusive rtae over separation distance [m/yr].

The effective diffusive rate may be calculated in a number of ways. COMPASS
currently uses harmonic mean of (D/d) of the two contacting compartments [ Worgan and
Robinson, 1994]:

(d ̂,,,d,,1 d, (6.2-13)

D, Do

where

Dm and Dn -effective diffusion coefficients in the compartments m and n 1m2 /yr];

dm and dn -diffusion lengths from the compartment centers to the interface surface
[mn].

The effective diffusion coefficient in compartment m is obtained as:

Do = DwN",¢M mSo (6.2-14)
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where

Dw - diffusion coefficient in free water [m2/yr];

m-tortuosity factor in compartment m;

-porosity in compartment m;

Slm - water saturation in compartment m.

In gravel backfill which is composed of crushed tuff, the result from a previous
laboratory study [Conca and Wright, 19901 is used, giving rise to:

loglo Db = 2.14 loglo Slb - 1-5 (6.2-15)

where

Db - effective diffusion coefficient in backfill [m2 /yr];

S1,b - water saturation in backfill.

Sorption and Solubility-limit

If linear equilibrium sorption model is assumed in the EBS and host rock
compartments, the capacity factor of the kth element used to evaluate the aqueous
concentration in the nth compartment is defined as:

ak = SS,. +(1- ;)pKt (6.2-16)

where

n- solid density [kg/m3 ] of the nth compartment;

Sl,n - water saturation in the nth compartment;

Knk - sorption coefficient [m3 /kgl for the kth element in the nth compartment.

Sorption in a fracture uses the same equation in CALIBRE and SCALIBRE IWorgan and
Robinson, 1993, 19941, with modification for partially saturated conditions. The capacity
factor for the ith nuclide in rock fracture aR,/, for example, is:

aRXf = Ssf + PR KR Rev b (6.2-17)
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where

Sif -rock fracture saturation;

PR - rock density [kg/m3];

KRi - sorption coefficient in rock [m3 /kg];

R- effective sorptive length [m];

4R,f - fractured rock porosity;

bR - rock fracture aperture [m].

The porosity in the fracture is assumed to have a value of 1.0.

The total concentration of the ith nuclide in the nth compartment is defined as:

A"(t) = 4,S,1,,Ct(t) + (l-0.)Snjt) + Pi(t) (6.2-18)

where Sin(t) and Pi"(t) are the sorbed and the precipitated concentrations in the nth
compartment, respectively.

The aqueous concentration of the ith nuclide, which is an isotope of the kth element, in
this compartment is determined by:

I CAn (t)

I SK~(t)'
C.' (t) = j i

IA' (t)
Ia,.

IA' (t)
if > > C,';

IA (t)

if } k < Ctk

(6.2-19)

where Csk is solubility of the kth element.

Advection

There is an advective flux from waste form to the canister corrosion-product
compartment (see Figure 6.2-3). Carrying radionuclides in aqueous phase in the
corrosion-product compartment, this flux leaves the compartment at a rate equal to the
dripping rate. This flux, along with that due to dripping water falling onto the gravel,
then flows along the concrete fracture compartment (due to a very low permeability in
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the concrete matrix, no advection is assumed to occur in the concrete matrix
compartment) and is finally partitioned into the rock matrix and fracture compartments
according to their surface area ratios. Advection in the rock is determined by the
infiltration rate, to be discussed later.

In the compartment model, advection is included in the transfer coefficient. For
example, when there is an advection Qb (m 3/yr) from the backfill to the concrete
fracture compartments, the transfer coefficient between the two compartments is
assumed to be:

T = A (D); + (6.2-20)

where "b" and "cf' are subscripts for the backfill and the concrete fracture
compartments, respectively.

In COMPASS, gravitational effects on flow velocity distribution has been neglected.

6.2.3.5 Evaluation of Flow Regimes

For a given infiltration rate, COMPASS evaluates the flow regime and calculates
ambient saturations in the rock matrix and fractures, as well as the equilibrium
saturations in the EBS materials. As mentioned previously, this information is required
for calculating advection and effective diffusion coefficients. This section discusses the
determination of Darcy fluxes in the rock compartments.

Using effective continuum model [Pruess et al., 1988], the bulk saturated hydraulic
conductivity for fractured rock is:

Kb = K. + Kf (6.2-21)

where

K - saturated hydraulic conductivity [mm/yr];

"b", "m", and "f' - subscripts for bulk, rock matrix, and fracture, respectively.

Note, in the above equation, Km and Kf are equivalent saturated hydraulic
conductivity in rock matrix and fracture, respectively. The volume/surface area
fractions have been included.

Equation (6.2-21) represents the maximum flow capacity in tuff. Analogously, when
the medium is partially saturated, the infiltration rate can be expressed as:
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Ub = Ur + U, (6.2-22)

where Ub, Um, and uf are bulk infiltration rate, equivalent rock matrix and fracture
infiltration rates, respectively (all units in [mm/yr]).

For steady-state infiltration in a medium, it can be shown from Darcy's law that the
saturation in the medium is uniform and the infiltration rate is related to the equivalent
saturated hydraulic conductivity in that medium:

uk = Kk kk(Sk), k=mf (6.2-23)

where krlk is the relative permeability for liquid water in the kth medium which is a
function of the scaled liquid saturation Sk in that medium.

The scaled liquid saturation is related to the actual liquid saturation SI according to the
following equation:

S St - S Or

I x - SUM(6.2-24)

where Sijrr is the irreducible liquid saturation in the medium (see Table 6.2-1 below for

a typical value).

The effective continuum model assumes equilibrium between the rock matrix and
fracture such that the capillary pressures in the rock matrix and fracture are equal.
When the rock matrix is partially saturated, the equilibration results in dry fractures
(irreducible water saturation held in fractures and the water is immobile). From this
and (6.2-23) it can be shown that two flow regimes can be identified: matrix flow and
fracture flow.

Matrix Flow in Tuff

If uo is the bulk infiltration rate, the rock matrix flow regime is identified when u0:• Km.

In this case, we have:

Un = UO, and uf = 0 (6.2-25)

Fracture Flow in Tuff

If uo > Km, the fracture flow is identified and we have:
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UR$ = K., and uf = u0 - K. (6.2-26)

This case is called fracture flow regime even though the rock matrix flow is present and
at its maximum flow capacity.

6.2.3.6 Equilibrium Saturations of EBS Compartments

It is assumed in COMPASS that after a dry-out period, water vapor condenses in the
backfill, host rock, and other porous regions, forming thin liquid films in these places.
In addition, steady-state infiltration gives rise to certain degrees of water saturation in
host rock. Under the capillary effects, water in the surrounding host rock flows
towards the EBS. It is assumed that this process has reached equilibrium at the canister

failure time.1

Given an infiltration rate in host rock, the ambient saturation (steady-state water
saturation in the host rock) can be determined. The corresponding capillary pressure
can also be determined from the characteristic curves. This capillary pressure serves as
the background capillary pressure for the EBS materials. From the characteristic curves
of the EBS materials, the water saturations in these materials can then be determined.

Once the flow conditions are identified, ambient saturations and capillary pressure can
be determined. Three ambient saturation conditions can be identified depending on
the bulk infiltration rate uo:

No Infiltration

When uo = 0, both the rock matrix and fractures are held at their minimum saturations:

Sim = ScUam, and SV = Save (6.2-27)

The ambient capillary pressure is:

P., =pC., (Slb.) (6.2-28)

1 It is likely that themul-hydrological conditions in the EBS region may take an extremely long time to reach
equilibrium. It is conservative to ignore such an effect, but future more realistic source term analysis may need to
evaluate this time delay in more detail.
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where Pc is capillary pressure [Pal and "cc" refers to the ambient value.

Matrix Flow in Tuff

When um = uo and u1= 0, the rock matrix saturation is determined from the matrix

characteristic curve and fracture water is immobile:

Um = K. kdm(Sm) and Su = Slitrf (6.2-29)

The ambient capillary pressure is:

PCIft = P'.M (SI'.) (6.2-30)

Fracture Flow in Tuff

When um = Km and uf = uo - Um, the rock matrix is fully saturated and the fracture

saturation is determined from the fracture characteristic curve:

St. = 1.0 and u, = Kf krIStf)
(6.2-31)

The ambient capillary pressure is:

P C.- =Pf(J (6.2-32)

Tuff Properties

Functional form of characteristic curves for tuff [Peters et al., 1984] are available:

=~~~~~~~~~krIj(S') = ;[1- (1- S"j'3,

P'(S ) = w (S - 1) ju_,

jm= m.
(6.2-33)

i= Mrn.
[Pal (6.2-34)

where

krl - relative permeability for liquid phase;

Pc - the capillary pressure [Pa];

Pw - water density [kg/m 3];

6-17



Source Term Models

g - gravitational acceleration [m/s 21;

a - air-entry parameter [1/m];

S - scaled liquid saturation.

Parameter X is related to saturation/desaturation parameter j3 by:

X = 1 - 1/( (6.2-35)

The required parameters are shown in Table 6.2-1 as an example.

Concrete Properties

Data are available for concrete characteristic curves [Yu et al., 1995]. Letting concrete
capillary pressure equal pco determined above, the saturations in concrete matrix and
fracture can be determined from these data.

Table 6.2-1 Hydraulic Parameters for Tuff [Peters et al., 19841.

K[mmlyrl a [+ll/mJ 0 S.,

matrix 0.5852 0.11 0.00568 1.798 0.0801

fracture 5544.0 0.0018 1.28 4.23 0.04

Saturation in Gravel Backfill

The gravel backfill is composed of crushed tuff gravel. Granular tuff has a certain
degree of water content, approximately equal to that in the tuff matrix. What is
important is the saturation representing water film on the granular surface, which is
believed to carry the most of the transport. Assuming that the total water content in
the gravel is equal to that in the rock matrix in a unit volume, it can be shown that the
backfill surface water saturation is:

SO1b = tm SIm (6.2-36)

where SUb is backfill surface water saturation and Em is rock matrix porosity.

Because of limited data available, saturations in corrosion-product and degraded waste
form may be chosen based on the expert judgement.
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6.2.4 Numerical Methods

In this chapter, the numerical method used in COMPASS solver is discussed briefly.
The treatment of boundary conditions and other features are also briefly described.

6.2.4.1 Solution of the Mass Conservation Equations

The numerical method applied in COMPASS is same as SCALIBRE [Worgan and
Robinson, 1994]. The set of ordinary, first-order differential equations of mass
conservation are solved by first converting them to a set of algebraic equations using a
fully implicit, backward-difference approximation for the time derivatives. In order to
calculate the nuclide chain decay and in-growth exactly, the decay chain parts of the
equation are solved separately at each timestep. The nuclide inventories in each
compartment are solved at the beginning of each timestep, and then the decayed
concentrations are used as the starting point for the transport calculations.

The transport equations are solved using a banded matrix solver, as in CALIBRE
[Worgan and Robinson, 1993]. This was found to be faster than a similar, sparse matrix
solver, provided that the ordering of the compartments is such that the band width is
minimized.

Both the accuracy and the time-step size are controlled using a step-doubling adaptive
stepsize algorithm. For each timestep, the solution is calculated three times: once using
a full timestep, and twice using two half-steps. Then the results using the full timestep
are compared with those obtained using the two half-steps. If the overall maximum
relative error is less than a preset value, then the step is accepted and the timestep is
increased. If not, then the timestep is reduced, and the calculation is repeated. This
process is repeated until the required accuracy is obtained.

6.2.4.2 Treatment of Boundary Conditions

A boundary compartment is added to the rock compartments. The diffusive length in
this compartment can be adjusted in the application and the concentration in the
boundary compartment is always zero. The diffusion coefficient is the same as the
rock matrix.

6.2.4.3 Outputs

As the formal outputs, the radionuclide mass-transfer rate from the concrete
compartments to the rock compartments are calculated at specified times. The
cumulative mass lost from the system (EBS plus near-field rock) and into the boundary
compartment is also calculated and decayed over time, so that the mass balance for the
system can be checked at the end of the simulation period. The total mass released into
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the system from the waste form is compared with the sum of the totals in the
compartments and the total mass lost. The total mass released from the waste-form
pores and that remained inside the waste-form pores are also calculated and listed. As
an additional check, the total mass is compared with the initial inventory decayed over
the simulation period. These totals should be equal, provided that all of the inventory
has been released from the waste form.

6.2.5 Summaries

A compartment source term model based on SCALIBRE [Worgan and Robinson, 1994] for
unsaturated repository conditions has been applied and implemented for predicting
near-field source-term in the unsaturated repository. The model in the new code
COMPASS 2.0 that has been used in this set of IMARC calculations is the through-flow
model of wet-drip water contact mode, which assumes that the failure occurs
throughout the canister surface and the dripping water flows through the degraded
waste package.

It should be noted that if a bare waste form is desired, it can be achieved by adjusting
the geometry and transport parameters of the EBS components surrounding the waste
form (see User Guide by Zhou and Salter [1996]). The exdusion of certain components
can also be achieved similarly.

The equilibrium water saturations in backfill, concrete, and host rock can be
determined and the histogram infiltration rates can be addressed. Time-dependent
cladding failure effects on matrix release can be modeled. A run containing nine
nudlides and two chains simulated over 106 years takes three second CPU time on a
Silicon Graphics Indego2 workstation (with a 200 MHz CPU).

It is known from past experience that the compartment model may introduce errors to
the transient mass transfer rate for short-lived and strongly-sorbed nuclides [Worgan
and Robinson 1994]. This may be corrected using empirical factors to modify capacity
factors and contact surface areas between certain compartments. In SCALIBRE, the
empirical factors were obtained by comparing SCALIBRE results with CALIBRE
results. It would be wise to do the similar comparison in the near future for the
COMPASS models. The desirable model used in this purpose would be a two-
dimensional finite-difference model, developed based on the CALIBRE and COMPASS
experience. As a near-term expedient alternative, the compartment model with more
sub-compartments for each material may also be used.

6.3 Comparison and Evaluation of Source-Term Models

The source-term is one of the most important sub-models within codes designed to
conduct total-system performance assessments (TSPAs) of a high-level waste (HLW)
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repository. "Source-term" is defined here as a section, or a module, in a TSPA code that
calculates the release rates of radionuclides from the engineered-barrier-system (EBS)
into the far field (geosphere) of a repository. In this Section a review and comparison
is made of source-term models contained in three recently published TSPA
compilations for a HLW repository at Yucca Mountain: 1) NRC's Iterative Performance
Assessment Phase 2 (IPA) [Wescott et al., 1995]; 2) DOE's Total System Performance
Assessment 1995 (TSPA-95) [TRW, 1995]; 3) EPRI's IMARC (this report).

The component features, events, and processes (FEPs) for source-term calculations are
shown in Figure 6.3-1. The near-field environment (temperature, geochemistry,
hydrology, heterogeneity, etc.) affects almost every stage in the calculational structure.
Evaluations of stress, geochemistry, etc are all outside the scope of the source-term
model as defined in this report. For this series of IMARC calculations, only the impacts
of temperature and hydrology have been directly considered. All three source-term
models reviewed have calculational structures similar to Figure 6.3-1.

The three source-term models treat the influence of near-field environment differently,
however. For example, in both DOE's TSPA-95 and NRC's EPA, the corrosion model
and spatial heterogeneities are part of the source-term module, while IMARC treats
corrosion models separately from source-term. Furthermore, the linkage of process
models and the conceptual/ mathematical formulation of process models can and do
vary among these three approaches to source-term evaluation. Nonetheless, Figure 6.3-
1 presents a useful guide to understand and compare these different source-term
models.

6.3.1 Overview of Source-Term Codes

The names of the source-term codes used in these three TSPA studies are listed as
follows, with the corresponding documents in reference quotes:

SOTEC SOurce TErm Code, for NRC [Wescott et al. in NUREG-1464,
19951,

TSPA-95 Source Term for DOE [TRW, 1995], and

COMPASS COmpartment Model for PArtially Saturated repository Source
term, for EPRI [Zhou and Apted, 1995, also Section 6.2].
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Figure 6.3-1 Illustration of source-term radionuclide release and transport FEPs.

SOTEC

SOTEC has been specifically developed to deal with the calculation of time- and
space-dependent source-terms for both aqueous and gaseous radionuclides [Wescott et
al., in NUREG-1464, 19951. Three primary calculations are done in SOTEC:

1. failure of waste packages because of a combination of corrosion processes and
mechanical stresses;

2. waste dissolution and radionuclide release; and

3. release of gaseous C-14.
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The second calculational part of the above is reviewed in this Section. Issues with
respect to release of gaseous nuclides (e.g., C-14, I-129) are discussed in Section 6.3.4.

TSPA-95 Source Term

TSPA-95 Source Term is embedded as the engineered barrier performance subroutine
within the RIP executive code for conducting total system performance assessment for
nuclear waste repositories. RIP is implemented specifically in TSPA-95 for evaluating
performance of a potential radioactive waste disposal facility at the Yucca Mountain.
The major features of the four component models in RIP are [TRW, 19951:

1. waste package behavior and radionuclide release component model;

2. radionuclide transport pathways component model;

3. disruptive events model; and

4. biosphere risk/dose model.

Among the above, the first component model is considered as the source-term (TSPA-
95 Source Term) and is reviewed.

Note, the review and comparison presented below are based on the published
descriptions of SOTEC and TSPA-95 Source Term in the cited TSPA documents. The
actual source codes or technical user manuals were not available for this review. It is
possible that review comments made here as to limitations or exclusion of certain
capabilities in these two source-term codes may be mistaken, either 1) because certain
capabilities were present in these codes but were not employed in the cited documents,
or 2) because capabilities have been added to these codes subsequent to the cited
publications. Any misrepresentation or misstatement regarding details of these codes
must be considered inadvertent in view of this missing information.

COMPASS! IMARC

The initial purpose of the IMARC program has been to encourage the DOE to complete
integrated assessments characterizing Yucca Mountain as a prospective site for a HLW
repository. This objective has been expanded to include identification of critical
technical issues that may require further investigation. Critical issues include
alternative conceptual models, uncertainties in parameters and expert judgements, and
comparative impacts of different sub-systems on the overall safety of the total
repository system. Earlier results from IMARC calculations indicate the source-term is
one of the most important sub-systems affecting repository performance.

Unlike multi-purpose, multi-system codes mentioned above, COMPASS is especially
developed for predicting aqueous radionuclide release rates from the EBS into the
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surrounding host rock in unsaturated, fractured tuff (see Section 6.2). COMPASS's
connection with other IMARC near-field modules (e.g., containment processes and
near-field environmental conditions, Figure 6.3-1) is through the input and output data
controlled by the 1MARC executive code. COMPASS does, however, calculate near-
field transport parameters arising from time-dependent fluctuations of the infiltration
rate.

The comparison and evaluation presented below, especially in the tabular format,
follow the guideline based on the PID shown in Figure 6.3-1 and COMPASS modeling
structure and approach. These may not be compatible with other source term models.
Hence, the tables presented in this Section may not be able to properly reflect the
modeling philosophy and approaches employed by other source term codes. These
tables should be considered to merely serve the purpose to examine the completeness
of models in COMPASS.

6.3.2 Waste Package Degradation

The different processes associated with waste package degradation (see Figure 6.3-1)
are described in the following section.

6.3.2.1 Canister Failure Time

"Canister failure" is a condition that must be carefully defined because different
definitions can lead to different expectations for release of aqueous and gaseous
radionuclides. In COMPASS, "canister failure" is limited to mean the existence of a
discontinuity through the canister/overpack materials sufficient to allow liquid water
to form a continuous pathway between the waste form and the canister exterior. Such
discontinuities might arise from fabrication defects, local corrosion attack or general
corrosion and pitting, depending on the material type. The presence of a discontinuity
sufficient to form a continuous aqueous pathway (i.e., the canister is "failed") does not
necessarily imply the beginning of aqueous release of dissolved nuclides. Liquid water
must be present in such pathways, which is a separate, independent event (see
following).

For the purpose of these IMARC calculations, the inner canister is assumed to fail by
pitting, resulting in approximately 5% to 10% failure uniformly distributed over the
entire canister surface. This "global" failure implies that previous "over-flow" models,
based upon failure only at the top of canisters (see Appendix 6A), are no longer
tenable.

As noted previously, both SOTEC and TSPA-95 Source Term contain integrated models
for calculating canister corrosion/degradation. SOTEC also explicitly considers the
dry-out period as a constraint to aqueous radionuclide release. This dry-out period
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extends over the time that the repository temperature is above the boiling point, or the
time over which liquid water is inhibited from contacting the waste package (which
may be significantly longer). Because of the flexibility in setting a failure time, the
potential impact of an extended dry-out period can be considered in EPRI's and DOE's
models easily.

6.3.2.2 Water Contact Mode

An open emplacement drift in unsaturated rock may act as a capillary barrier to
infiltrating groundwater in the rock. This may allow waste package to remain "dry",
i.e., no contact by advectively flowing water and no continuous pathway for diffusive
release of aqueous radionuclides.

Under certain conditions, however, groundwater will drip into the drift. Groundwater
may flow into the drift due to spatial heterogeneities in flow/vapor transport
properties, such as fast paths, fractures, and faults. Also condensation and episodic
flow in fractures caused by non-equilibrium and heat-pipe effects may cause water to
flow into the drift. In these "wet-drip" cases, the waste canister will be contacted by
flowing water of intermittent- to continuous-duration. Dissolution of the waste form
inside a failed canister and the release of radionuclides may be initiated by this wet-
drip contact mode.

In cases that water does not drip into the drift, a continuum water film may form from
the waste form all the way through the EBS to the host rock. This may result because of
condensation, or capillary suction force in the EBS components on the pore water in the
surrounding host rock. Because of water contact, the waste form will experience
dissolution and radionuclides will be released. This contact mode is called
"moist-continuum". Moist-continuum may also be purposefully introduced by the
inclusion of a Flow-Barrier-System (FBS, also called a Richard's barrier), that is used to
divert all possible dripping groundwater. A FBS decouples the source-term
performance of the EBS from the uncertainties in future hydrological and climatological
conditions at Yucca Mountain [Apted et al., 19941.

In SOTEC, wet-drip scenario is assumed to be the only type of water contact mode
responsible for the release of radionuclides out of the canister. TSPA-95 Source-Term
and COMPASS consider both wet-drip and moist-continuum scenarios. The latter is
used to evaluate the performance of Richard's barrier by the two source terms.

6.3.2.3 Dissolution of the Waste Form

Upon contact by water, radionuclide inventories in the gap and grain boundaries of
spent fuel (the so-called "instant-release fraction') are dissolved immediately. The
remaining inventories of radionuclides within U02 matrix are expected to be released
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congruently (also called "stoichiometrically") with the alteration/ dissolution rate of
the U0 2 matrix. Certain radionuclides (mainly activation products) are located within
the fuel cladding and structural hardware. Release of these radionuclides is also
assumed to occur stoichiometrically with respect to the uniform corrosion rate of these
materials

In COMPASS and SOTEC, a constant dissolution rate (mass per unit time per unit
surface area) for fuel matrix is assumed. Using the available surface area per unit mass
of the U0 2 matrix exposed to water, this parameter is converted to an "alteration time".
This alteration time controls the rate and duration of radionuclide releases from the
matrix into canister water or water contacting the dissolving waste form. In TSPA-95, a
model for dissolution is discussed, in which the alteration rate (hence the alteration
time) is dependent on temperature, pH and carbonate concentrations of contacting
water, and an undefined fitting parameter. For the calculations reported in TSPA-95,
however, alteration rate was only a function of time-dependent temperature (the time-
variation of both pH and carbonate concentrations are shown to have insignificant
effects and therefore constant values have been used). The temperature effect on
alteration rate is not considered in COMPASS. This is because near-field temperature
variation is slow after the dry-out period, hence alteration of the waste form is expected
to start and finish in a nearly constant temperature period. Prediction of time-
variations in near-field water chemistry has not been addressed by any U.S.
organization.

In TSPA-95 Source Term, cladding effects on dissolution of the U0 2 matrix are
included by assigning an empirically derived term for the fraction of waste-form area
available for release. A similar capability is also incorporated into COMPASS, but has
not been utilized in the current set of EMARC sensitivity calculations. Possible effects of
cladding failure on the migration of radionuclides (see following sections) are not
explicitly modeled in any of the source-term models, however.

6.3.3 Release of Aqueous Radionucides from the Canister

Radionuclides released from the waste form must migrate through the failed canister
before being released into the EBS and host rock (see Figure 6.3-1). The canister, even
in a failed condition, may mitigate the release rate of radionuclides from the waste
package. The form of degradation/failure may be pin-holes attributable to pitting
corrosion, stress crack, or porous general-corrosion products. Perforations (including
any forms of discontinuity in the canister that would permit liquid water to enter and
egress the waste package) may form at the top canister surface because of dripping, at
the bottom due to moist-continuum water contact, or anywhere on the canister surface.

The geometry and location of canister degradation determines, for the wet-drip cases
(i.e., no flow-diversion backfill), the mode of radionuclide release from the canister.
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When failure penetrations in canisters occur over their entire surface, both advective
and diffusive releases can happen. AlU three source-term models contain both diffusion
and advection transport models for radionuclide release.

The mass balance within the water contacting the waste form takes the following
general form:

d=-A, m + A1 1m-I + w, waJ w Wd (6.3-1)
dt

where

mi(t) - total amount of ith nuclide inside the canister [mol],

t - time [yr],

-decay constant [1/yr],

w- release rate of the ith nuclide from the solid waste form into water contacting
waste form [mol/yr],

wi-- advective release rate of the ith nudide [mol/yr],

WdJ -diffusive release rate of the ith nuclide [mol/yr].

The above equation should be solved through coupling with the mass balance of the ith
radionuclide within the undissolved solid waste. The mathematical solution gives the
total concentration AIMt), defined as the total amount of nuclide mjff) divided by the
available water volume (see discussions below). The sum of total concentrations from
all isotopes for the same element is then compared with the elemental solubility limit.
If the solubility limit is exceeded, the actual aqueous concentration for the ith nuclide
Ci(t) is determined by:

Al(t)
E A, (t) ~~~~~~~~~~~~~~(6.3-2)

where Cs is elemental solubility [mol/l] and the denominator represents the
summation of total concentrations of all isotopes of the same element of the ith nuclide.

Sorption on the solid waste form is neglected by all three source terms (COMPASS
considers this sorption in the release model for moist-continuum water contact mode,
which is not used by this set of IMARC calculations).
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While differences exist, the three source-term models use a similar formulation as
above to determine the radionuclide concentrations inside a waste package. The details
and differences in release models by the three studies are discussed below.

6.3.3.1 SOTEC

Advective Release

In SOTEC, there is an assumed amount of water volume (1 liter in their calculation)
inside the failed canister initially. The actual water volume V at a given time is
determined by the dripping rate, and is used to calculate the concentration within the
canister. Given Vmax as the critical volume for overflow to occur and incoming
dripping rate qin, the model assumes

Asq4d qj (6.3-3)

where qout is the volumetric rate of water flowing out of the canister [m 3 /yr].

This is an "over-flow" model, similar to that in COMPASS (see Appendix 6A) but not
used in this set of IMARC calculations. The advective release rate:

W i= Crates (6.3-4)

where Ci is the ith radionuclide concentration within the waste canister [mol/m 3 J.

SOTEC further treats different release modes by considering the following:

* small Vmax: wet-drip "overflow" mode;

* large Vex: wet-drip "bathtub" mode;

* small qin: moist-continuum mode.

Note, in SOTEC, the overflow release scenario includes both single canister failure at
the top only or double failure with one at the canister top and one located anywhere
else on the canister surface. This is achieved by specifying a proper value for Vmax.

Diffusive Release

SOTEC assumes that the diffusive transport of radionuclides exists irrespective of
advective transfer due to wet-drip. In this case, the barrier function of the canister is
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completely neglected and the waste form is treated as a bare waste sphere directly
contacting the near-field host rock. The waste surface concentration is identical to that
determined for the wet-drip concentration within the canister (equations 6.3-1 and 6.3-
2).

6.3.3.2 TSPA-95 Source Term

Advective Release

In TSPA-95 Source Term, the dripping water can flow into, through, and out of the
degraded waste canister. The advective release rate can be expressed by equation (6.3-
4) with qOUt = qin, where qin is volumetric rate of water flowing into the canister. Two
canister surface failure scenarios are considered:

two pin-holes: one on the top and one on the bottom of the canister, and

multiple perforations uniformly distributed on the canister surface and collected
as a fraction of the canister surface area.

In the first case, qin is assumed to depend on the pin-hole size. In the second case, the
liquid represented by qin is assumed to flow through the waste package completely.
The incoming volumetric rate qin is determined by the dripping rate (a result from an
unsaturated flow module in DOE's TSPA-95) multiplied by the catchment area. This
catchment area is assumed to be four times the maximum cross-sectional area of waste
package perpendicular to flow.

The model assumes that a minimum 1 mm thick water film exists and this value is used
to calculate the waste-form concentration Ci (using equations 6.3-1 and 6.3-2).

Diffusive Release

Two scenarios are assumed to lead to the diffusive transport of radionuclides out of the
canister TSPA-95 Source Term:

• dripping water flowing around the canister in wet-drip mode, and

• moist-continuum water contact mode (e.g., the employment of Richard's barrier).

The first case is assumed to occur when the perforations are filled with the
corrosion-product which might inhibit water from flowing through the waste package.
In both cases, a continuum water film is assumed to exist from the degraded waste
form to the EBS outside the canister.
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The diffusive release is modeled as if radionuclides diffuse through a cylindrical hole,
representing one perforation on the waste canister. The whole waste package is treated
as a sphere and multiple cylindrical holes in the canister wall are assumed. Steady-
state diffusive transport through a single hole is assumed. The contributions from
different holes are assumed to be independent of each other and can, therefore, be
superimposed to obtain the total release effect from all perforations. Sorption, decay,
in-growth, and solubility-limits are neglected in the transport through these holes. By
specifying an infinite number of pin-holes on the canister, the model reduces to the case
of a bare waste form. The number of pin-holes on the canister surface is collectively
equivalent to a fraction of the canister total surface area and is treated as a time-
dependent parameter.

In summary, three release scenarios are considered in TSPA-95 Source Term:

advection only (wet-drip through-flow),

* advection and diffusion (wet-drip flowing around canister), and

• diffusion only (moist-continuum).

6.3.3.3 COMPASS

COMPASS uses a compartment-model approach (see Section 6.2). The release models
considered in COMPASS are summarized in Table 6.31. The over-flow model is not
used in the current set of IMARC calculations, and is described in Appendix 6A.
Likewise the COMPASS capability to model diffusive release from moist-continuum
water contact mode is not utilized in these IMARC calculations. Such models are
especially relevant for evaluating the comparative performance of flow-diversion
barrier designs (FBS) versus designs having no backfill or conventional gravel-only
backfill. The diffusive-transport model of COMPASS is also described in Appendix 6A.
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Table 6.3-1. COMPASS Water-Contact and Release Models.

Water-Contact Mode Release Models Release Mechanisms

Overflow Advection only

Wet-Drip (Not Used in IMARC; see
Appendix 6A)

Through-flow Advection and diffusion

No-flow Diffusion only

Moist-Continuum (Not Used in IMARC; see
Appendix 6A)

Saturated-flow Advection and diffusion

(Not Used in IMARC; see
Appendix 6A)

In the through-flow model of COMPASS, it is assumed that the general failure of the
waste canister occurs and the dripping water flows through the waste package.
Radionuclides are assumed to dissolve into the pore water of the degraded waste form
and are subject to solubility limit (concentrations are determined by equations 6.3-1 and
6.3-2). Radionuclides must transfer through the corrosion-product compartment,
representing corroded canister, before being released into the EBS component next to
the canister. Details can be found in Section 6.2.

In all three models, wherever applied, the total release rates of radionuclides from the
canister is the summation of the advective rate and diffusive rate. Table 6.3-2
summarizes the water-contact mode and models for release of radionuclides from the
failed waste canister for each of these three source-term codes.

The processes marked as "Ignored" in the table below are excluded from the source
term models because either the effects of these processes are claimed to be insignificant
or the exclusion of these processes are assumed to be conservative by the corresponding
source term code developers.
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Table 6.3-2. Comparison of Models for Release from Waste Canister.

Water- Release SOTEC TSPA-95 COMPASS Used In IMARC
contact models Source Calculations of
mode Term this Report

Wet drip Failure only at Included Not Included No
top (overflow) considered

General failure Not Included2 Included Yes
(through-flow) considered'

Moist- Single pin-hole Not Included Included No
considered

continuum General failure Not Included2 Included No
(diffusion considered'

only) Bare waste Included Included Included! No

Solubility-limit Included Included Included Yes

Sorption on waste or canist Ignored Ignored Included Yes

Decay and in-growth in Included Included Included Yes
Waste Form

1: multiple canister failure is addressed but treated as a special overflow case with a proper value for the
critical overflow volume to calculate the advective rate out of the canister. 2: the failed canister surface
area is time-dependent. 3: can be achieved by manipulating geometrical and transport parameters for
the EBS components.

6.3.4 Release of Gaseous Radionucildes from the Canister

Gaseous radionuclides can be released at the time of canister failure. The release of
gaseous species, notably C-14, may be of concern for certain release criteria. The
transport and release of C-14 are included in the source-term models by NRC and DOE.
C-14 has a relatively low inventory, low release rate from its dominate source
(cladding), low dose consequence, significant dilution by stable carbon in air-borne
C02, and strong sorption on the carbon-containing materials along the migration
pathway. Upon contacting with water, some C-14 dissolves into pore water and
migrates as an aqueous species. For these reasons, BMARC does not include C-14
transport in the source-term model. The review of gaseous transport by SOTEC and
TSPA-95 Source Term is out of the scope of the current project.
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A scenario also has been postulated in which radio-iodine in spent nudear fuel might
be released as a gas phase from nuclear waste packages located in an unsaturated
repository. The relatively rapid rates of gaseous transport has been cited as a concern
regarding large release rates (dose rates) of radio-iodine (notably 1291).

Essentially all radio-iodine in spent fuel reacts with radio-cesium to produce cesium
iodide, CsI. There is no evidence for elemental 12 being formed in fuels during or after
reactor operations. The partial pressure of gaseous iodine in equilibrium with
condensed CsI is extremely low. At 100'C, for example, the partial pressure of
diatomic iodine, I2, in equilibrium with CsI is 1.15 x 10-38 Pa. Calculated diffusive
fluxes of gaseous iodine from the EBS are astronomically small. The key factor in
limiting the release of gaseous radio-iodine is the extremely small partial pressure
(hence driving gradient) of radio-iodine in equilibrium with condensed CsI.

6.3.5 Radionuclide Transport In EBS and Near-field Host Rock

After release from the waste package, radionuclides must be transported through the
EBS and to the surrounding host rock (Figure 6.3-1). This may involve advective or
diffusive transport through corrosion layers, backfills or other structural elements of
the designed engineered barrier system. In the limiting case, no credit can be taken for
this transport step, and release from the interior of the canister can be equated to
release into the surrounding rock. Each of the source-term models developed for Yucca
Mountain have different approaches to this issue.

6.3.5.1 SOTEC

NRC's source-term is intended to simulate radionuclide transport for a waste package
in a vertical emplacement design (a design option not evaluated by DOE in TSPA-95).
Other EBS components (e.g., backfill, invert) inside the borehole are excluded from
SOTEC. Spherical geometry is used in SOTEC's mathematical model (Figure 6.3-2).
Diffusion is the only transport mechanism for radionuclides in the near-field in the
models used by SOTEC. Zero concentration is set at a conservative outer boundary in
the host rock. Decay and sorption are considered. In-growth and solubility-limit are
neglected.

6.3.5.2 TSPA-95 Source Tenm

DOE's conceptual model focuses on an in-drift emplacement design in which a waste
package and a gravel invert are placed inside a drift horizontally, as shown in Figure
6.3-3(a). The mathematical model, however, assumes a spherical geometry in solving
diffusive transport equation (Figure 6.3-3(b)). Both diffusion and/or advection are
allowed in the EBS. Zero concentration boundary is set at the edge of EBS so that the
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transport in the near-field host rock can be neglected in the modeling. Sorption is
considered in the transport Decay, in-growth, and solubility-limits during transport
are neglected. Sorption is treated on the basis of separate yet equal sorption coefficients
for each isotope of an radioelement, rather than all common isotopes partitioning
themselves between solution and solid on the basis of a single radioelemental sorption
coefficient.

6.3.5.3 COMPASS

The conceptual model of EPRI's source-term is based on the horizontal emplacement
plan (Figure 6.3-4(a)), similar to DOE's model. In the COMPASS mathematical model,
the cylindrical feature of the original emplacement plan is maintained with slight
simplification of configurations of EBS components (Figure 6.3-4(b)).

In order to investigate the effects of infiltration and sorption in the near-field host rock
on the release rates from the EBS, EPRI's source-term model sets a zero concentration at
the outer boundary in the host rock, although the distance of this boundary condition
into the host rock can be adjusted for more realistic, less conservative simulations.
Diffusion is present in all EBS components and host rock. Advection is only present in
the EBS for the wet-drip scenario. Advection in the host rock solely depends on the
infiltration rate. Time variation of infiltration rates is allowed in COMPASS to reflect
projected climate changes. For a given infiltration rate, the ambient water saturation in
the host rock is calculated. The host rock capillary pressure under the ambient water
saturation is assumed to be the equilibrium capillary pressure throughout system and
is used to determine the equilibrium water saturations in all EBS components. These
saturations are used to calculate effective diffusion coefficients and retardation factors.
The concrete invert and host rock are treated as fractured media and matrix diffusion is
considered. Decay, in-growth, solubility-limits and sorption are considered in the
transport throughout the EBS and host rock.

Processes of and modeling approaches to the transport in the EBS and near-field host
rock by the three codes are summarized in Table 6.3-3. The "Ignored" processes are
excluded from the listed source term models because either the effects of these
processes are claimed to be insignificant or the exclusion of these processes are
assumed to be conservative by the corresponding model developers.
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(a) Conceptual model for NRC's source-term.

~~~~Zero
concentration

Near-field rock \ boundary

(b) Mathematical model for radionuclide transport in the near-field using
spherical coordinate system

Figure 6.3-2. Conceptual and mathematical models used by NRC's source-term.

6-35



Source Term Models

(a) Conceptual model for DOE's source-term.

Failed
canister

(b) Mathematical model for radionuclides transport in EBS and
near-field using spherical coordinate system.

Figure 6.3-3. Conceptual and mathematical models used by DOE's source-term.
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(a) Conceptual model used by EPRrs source-term (example of through-flow case).

Zero concentration
boundary

(b) Mathematical model of radionuclide transport in the EBS and near-field
using cylindrical coordinate system

Figure 6.3-4 Conceptual and mathematical models used by EPRI's source-term.
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Table 6.3-3. Comparison of Transport Models in EBS and Near-Field Rock.

Source-term codes SOTEC TSPA-95 Source COMPASS'
Term

Geometry Spherical Spherical Cylindrical

diffusion Not considered Included Included

Transport advection Included Included1 Included 2

through sorption Not considered Ignored' Included

failed solubility Not considered Ignored Included

canister decay Not considered Ignored5 Included

in-growth Not considered Ignored Included

diffusion Ignored Included Included

Transport advection Ignored Included2 Included2

through sorption Ignored Included3 Included

EBS solubility Ignored Ignored Included

decay Ignored Ignored Included

in-growth Ignored Ignored Included

diffusion Included Ignored& Included

Transport advection Ignored Ignored' Included

in sorption Included Ignored' Included

near-field solubility Ignored Ignored' Included

host rock decay Included Ignored Included

in-growth Ignored Ignored Included

1: All of these COMPASS features are used in the current set of IMARC calculations. 2: Advection is
present only for wet-drip scenario. 3: Radionuclides, not radioelements, assigned sorption coefficients.
4.: Ignored in the source-term model but are included in the geosphere transport model. 5: Ignored in
the steady-state treatment of the transport through a perforation.
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6.3.6 Solution Methods

The treatment of advective release in all models are similar to equation (6.3-3). The
release rate due to diffusive transport involves solving differential equations. The
transport equations and the solution methods are briefly reviewed below.

SOTEC

The diffusive release rate is obtained by solving the mass conservation equation in the
host rock in a spherical coordinate system [Wescott et al., 1995]:

R-;=D- 2 Ir -! -ARC (6.3-5
dt r 2rk ar )

with boundary and initial conditions:

C( t) = CO, C(b,t) = 0, C(r,O) = 0. (6.3-6)

where

R - retardation factor [-1,

C - radionuclide concentration [mol/m 3 ],

t - time [yr],

D - diffusion coefficient [m 2 /yr],

X- decay constant [1/yr],

Co - concentration at the waste-form surface fmol/m 3 ],

a - radius from the center of waste to the waste-form surface [ml,

b - radius from the center of waste to the effective outer boundary [m].

Note, the diffusion is decoupled with advection. A finite difference method is used to
solve the above equation.

TSPA-95 Source Termn

Diffusion is decoupled with advection in TSPA-95 Source Term calculations reported in
TRW 1995. Analytical solutions [Chambri, 19951 are used to solve the release of
radionuclides from a failed canister, although the exact differential equations used in
this approach are not reported in T'PA-95. It is assumed that radionuclides diffuse
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from the waste-form surface to the perforation entrance inside the canister wall and
then diffuse through the perforation, with all of these assumed to be at steady-state.

The diffusion of radionuclides through the invert (assumed to be gravel in TSPA-95) is
transient, and is described [TRW, 951 as:

R-C=D-l a r I (6.3-7)
At r 2.rt dr)

with boundary and initial conditions:

C(4 t) = C0, C(b,t) = 0, C(r,O) = 0. (6.3-8)

where the definitions of symbols are the same as those for equation (6.3-5) and (6.3-6),
except

Co - concentration at the waste canister surface just outside the perforation

[mo/m3],

a - radius from the center of waste to the waste canister outer surface [ml,

b - radius from the center of waste to the gravel invert outer surface [ml.

The equations (6.3-7) and (6.3-8) are solved analytically in coupling with the results of
steady-state diffusion transport through the perforation on the canister wall to obtain
the "quasi-transient" release rate at the edge of the invert. Radioactive decay, in-
growth, and solubility-limits during transport through the invert (i.e., once
radionuclides have exited the failed canister) are neglected in the calculations reported
in TSPA-95, because of relatively thin thickness (1 m) of the transport path.

COMPASS

EPRI's source-term solves transport equations using a compartment model. This
method is described fully in Section 6.2

6.3.7 RetardatIon Factors

All source-term models assume linear equilibrium sorption. Retardation factors used
by the three source-term models are listed in Table 6.3-4.
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Table 6.34. Definition of Retardation Factors.

SOTEC | TSPA-95 Source Term COMPASS

pLCd PLC ( - b) p, Kd
R =1+ 0 | R = 1 + R | 1+ Os K

1: Based on the description found in Appendix D of Wescott et al. 1995.

In the above table,

p - bulk density [kg/m 3 ],

Ps - solid density [kg/m 3 ],

Kd - sorption coefficient [m 3 /kgl,

* - porosity 1-1,

o - fraction water content t-],
S - water saturation [-1.

By definition, p = ps(1-) and 0= ¢ S. Therefore, the expressions for retardation factors
in TSPA-95 Source Term and COMPASS are identical. SOTEC excludes a
water-saturation effect on the sorption. This effect, if confirmed, is significant for low
infiltration rates and especially for designs involving flow-diversion backfills.

6.3.8 Collold Transport

All three source-term models in the cited references do not explicitly consider colloid
transport. This may be attributable to a number of factors, including limited available
data of colloid transport behavior relevant to Yucca Mountain conditions. In NRC's
SOTEC, colloids are considered to be part of the dissolved inventory, and are treated in
calculations by adjusting the solubility-limited concentration upwards. For advective
release, this approximation may be defensible. For diffusive release, however, diffusion
coefficients for colloids are typically two to three orders of magnitude lower than for
dissolved species. Thus, assuming radio-colloids diffuse as fast as dissolved
radionuclides is a significantly conservative assumption.

In DOE's source-term model, the theoretical background of colloid transport has been
studied and the incorporation of colloid transport in future performance assessment is
proposed. Given inputs on colloid concentrations and diffusion coefficients within the
various waste-form compartments of the EBS (and neglecting colloid filtration/stability
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constraints), both the TSPA-95 Source Term and COMPASS models could be used to
estimate colloid transport through the EBS.

6.3.9 Summary from Comparison of Source-termn Models

The main differences among the three source-term models are in the process boxes of
"Release of radionuclides out of the canister" and below, shown in Figure 6.3-1. The
main operational differences of the models as implemented are 1) different solution
procedures, boundary conditions, and conceptual models selected to assure
computational speed, and 2) different assumptions cited as conservative or simplifying.
The real root of such difference, however, are the different intended purposes of the
three source-term models within the context of their overall total system performance
assessment codes.

This latter point is particularly key. Bounding analysis models, intended for scoping of
safety assessment, would be poor tools for conducting a comparative design analysis;
"best estimate" approaches may be more suitable for this purpose. Detailed process
models would be, perhaps, too slow and data-intensive for defensible safety
calculations in support of a probability-based license decision. The COMPASS code is
based on a compartment approach. This capability provides IMARC with the
flexibility to easily include or exclude a wide range of process models and water-
contact modes, and thereby, to simulate a wide range of potential scenarios for the
Yucca Mountain site.

Certain minimal attributes and capabilities for future source-terms models for all
purposes are proposed here for consideration. Firstly, the properties and boundary
conditions imposed by the host rock surrounding the EBS should be included in EBS
source-term analysis. Exclusion of this region is likely to lead to unrealistic and
misleading insights regarding overall EBS performance. Secondly, it is vital to match
the data and assumptions used in near-field (EBS) and far-field (site) analyses, if these
sub-system analyses are to be linked within a consistent and defensible repository-
system performance assessment. Thirdly, the comparative trade-offs between
analytical solutions and numerical models should be periodically assessed. Finally,
models can often out-strip the available supporting data. Performance assessment
calculations should be as a guide, not a substitute, for prioritized data collection.
Likewise, where data collection efforts fail to provide necessary supporting data,
source-term models may need to be modified to avoid relying on such data.

Current PA calculations can also serve as guides to future source-term model
development. The results of both this report and those of the TSPA-95 [TRW, 19951
show that several of the processes and design features of the EBS are key to a robust
demonstration of repository safety. Recommendations regarding backfill designs are
especially noteworthy, and concepts involving flow-diversion, extending the dry-out
period, and addition of special chemically reactive/sorptive materials have been
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advocated. Thus, the capabilities and analyses of source-term models ought to move in
this direction. Specifically, the impacts of alternative water-contact modes, corrosion-
products of failed canisters, flow-diverting gravel/sand backfills, and structural inverts
on source-term performance ought to be considered.

Finally, effects of time-dependency on some parameters (e.g., degradation in
backfill/invert properties) are not currently incorporated within source-term models
(time-dependent canister failure area, however, has been included in TSPA-95 Source
Term), including COMPASS. The question of time-dependent properties is potentially
an important one for study. Assurances must be provided that time-dependent
changes, if they occur, have minimal impact on performance and safety. This must be
balanced on the pragmatic side that such changes will cause an extremely adverse
impact on the computational efficiency, and perhaps accuracy, in revised PA models.
Accurate and credible predictions of future, time-dependent properties are difficult,
and the need for such predictions ought to be assessed before deciding about their
inclusion in TSPA analyses

6.4 Data Comparison and Evaluation

To ensure that reasonable results will be obtained from IMARC calculations using
COMPASS, the input data must be defensible. Therefore, a critical evaluation of
available data used in IMARC/COMPASS for source-term calculation is necessary. In
this Section, a comparison is made between the current COMPASS input values and
those cited in DOE and NRC TSPA documents. Tabulations of comparative values,
with additional comments on data availability, sensitivity, and priority, are provided.
The sections of data review include:

* physical data (diffusion coefficients, porosities, densities, etc.),

* geometrical data,

* hydraulic data,

• chemical (solubilities and sorption), including canister data.

Data sources from literature, existing databases, or derived from simple physical or
chemical arguments are cited. Some data have no sources and completely rely on
expert's judgement and estimation, and these also are noted. In certain cases, data
difference among these groups reflects rounding the same data to fewer significant
figures. This rounding is based on judgement regarding the source, quality, or
quantity of supporting information. The sources of data are assigned under the
"Availability" in the table.

The "sensitivity" aspects of these parameters are based on "expert's judgement',
including previous source-term calculations.
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The assignment of "priority" is always a subjective judgement Here, the assumption
is that

a "high" priority should be given to those parameters that significantly impact
repository safety (as based on a dose-rate criteria) for which more data collection
is needed or desirable to confirm existing data,

the parameter has a "moderate" impact on repository safety but insufficient data
are available for confident TSPA analyses, and

a "low' priority means that either the parameter has a small impact on
repository safety or sufficient data for this parameter are available regardless of
its impact on repository safety.

Wherever possible, the data values listed in the comparison for NRC and DOE are from
Wescott et al. [19951 and TRW [19951, respectively. For those data that could not be
found in the documents, the values listed in the comparison are obtained from the
communications with program staff of NRC' IPA and DOE's TSPA, respectively. In
EPRI's COMPASS, the data required by a specific model option are also cited in the
comparison. Unless otherwise specified, all data listed in tables are constant with time.

6.4.1 Parameter Uncertainties

Parameter "uncertainty" can arise due to various reasons [QuantiSci, 1995]:

• values are unknown,

• measured values are highly variable,

* data represent averaged or derived quantities which cannot be measured
directly,

* parameter variation due to external effects which are uncertain, and

* genuinely stochastic type of data.

An example of uncertainty for genuinely stochastic type of data is the inability to
sufficiently characterize the spatial distribution of a parameter. Different methods to
represent the spatial distribution may provide further sources of conceptual uncertainty
and parametric uncertainty. The uncertainty caused by the measuring methods is
usually easy to quantify. This, however, cannot replace the other types of uncertainty
of the observed parameter.

In many cases, a parameter value may have more than one type of uncertainty and the
distinction among them cannot be clearly made. In this Section, the uncertainty in
values for the parameter represents the overall uncertainty, not distinguishing among
these types of uncertainty. The type of distributions for some parameters, if available,
will be cited. For some other parameters, the range of data will be listed along with the
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"best estimate" or "mean" values. The uncertainty of a parameter may be "none",
indicating that the possible variation of this parameter (e.g., variations around a
design-objective canister thickness) in the model is trivial or of minor importance.
Finally, cases are noted in which the uncertainty of a parameter is not available or
cannot be quantified. Note that the choice of values for some parameters depend on
designs of the waste package or types of conceptual models.

6.4.2 PhysIcal Data

The physical data include densities, porosities, diffusion coefficients, and water
saturation or water volumes for calculating concentrations within the waste package.

Densities

Table 6.4-1 shows the comparison of densities of components included in the three
source-term models. Densities in the source-term models are needed to calculate the
retardation factors (see Section 6.3.7). NRC's model requires the density of the waste-
form for calculating C-14 release and transport. Their model also needs near-field rock
density for calculating retardation factors for aqueous species. DOE's model requires
tuff density for calculating the density of gravel invert made of crushed tuff. This is
needed for calculating the retardation factor in the gravel backfill. EPRI's source-term
model requires densities from all the listed components for calculating retardation
factors of aqueous species.

Porosities

The comparison of porosities are shown in Table 6.4-2. In NRC's model, only the
porosity of near-field rock is needed to calculate the retardation factor. Because DOE's
source-term model includes corrosion-product and gravel invert as the EBS
components, their porosities are needed to calculate the retardation factors and
effective diffusion coefficients. DOE's model assumes porosity and water content in the
corrosion-product to be identical to those for gravel invert.

EPRI's source-term model requires the porosities for the all listed components if they
are all included in modeling. These porosities are required to calculate the
radionuclide aqueous concentrations, retardation factors, and effective diffusion
coefficients in each component. Therefore, porosities can have a significant impact on
EBS performance. The fracture (for both host rock and concrete), as a separate
compartment from the matrix, are assumed to be completely open to fluid flow and
thus have porosity of 1.0.
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Diffusion Coefficients

The diffusion coefficients in NRC's model are the diffusion coefficient in the free space,
normalized by the porous spatial constrictions.

In DOE's model, experimental data from Conca and Wright [1992] are used to estimate
the diffusion coefficients for both gravel invert and corrosion-product for given
volumetric water content. The obtained diffusion coefficients have induded the spatial
constrictions.

EPRI's model uses the same data set from Conca and Wright [19921 to obtain diffusion
coefficient for gravel backfill. Diffusion coefficients for other components have
included the spatial constrictions brought by tortuosity only. These diffusion
coefficients will be multiplied by the porosity and water saturation for each component
in the code before been used in the transport calculations.

Water Saturations and Volumes

Radionudlide concentrations inside the waste package are required by all the source-
term models for both wet-drip and moist-continuum releases. Hence, the amount of
available water inside the waste package is an important parameter for calculating
concentrations.

NRC's model assumes a minimum 1 liter water volume within the canister initially.
This volume can increase to and then be maintained at the maximum canister void
volume according to the dripping rate. NRC's model seems to neglect the partial water
saturation in the near-field host rock and the value is therefore not needed.

DOE's model assumes a constant 1 mm thick water film on the waste-form surface.
Knowing the waste-form surface exposure area (see Table 6.4-5), the total volume can
be obtained. DOE's model assumes 0.1 volumetric water content (corresponding to
0.25 water saturation) in gravel invert.

The IMARC/ COMPASS model assumes that the pores of the waste-form is saturated
with water for the through-flow case. Together with waste-form porosity (Table 6.4-2)
and total volume (Table 6.4-5), the water volume needed for concentration calculation
can be obtained (Section 6.2) The 1MARC/ COMPASS model also calculates the water
saturations in the near-field rock and concrete invert provided that their hydraulic
characteristic curves are known. The water saturation for the porous corrosion-
product is not available and assumptions based on expert's judgement is required. The
saturation in the gravel backfill, composed of crushed tuff, is calculated in the EPRI's
source-term code assuming that the total water content in the gravel is equal to that in
the rock matrix (Section 6.2).
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6.4.3 Geometrical Data Comparison

The comparison of geometrical data used by different source-term models are listed in
Table 6.4-5. These data are largely related to the types conceptual models (modeling
geometry, the components included in the model, etc). Hence, there are a lot of data
needed by EPRI's model that are not required by other models. Most the of data are
design-related and are available once the design becomes definite. Some data are
considered as "model-related" because they depend on the modeling approaches. For
example, due to the concentric cylindrical geometry used by EPRI's model, if users
decide to exclude backfill by assigning very thin thickness for backfill compartment,
the radii of concrete invert, drift, as well as rock will decrease correspondingly in order
to maintain the same thickness for these components. Therefore, the data listed in
Table 6.4-5 for gravel backfill, concrete invert, and host rock should be considered as
values for the "nominal case".

The fraction of the canister surface area that has failed and are open to transport and
flow is also considered as a geometrical factor in Table 6.4-5. In DOE's model, this
parameter is time-dependent.

6.4.4 Tuff Hydraulic Data Comparison

The hydraulic data are required by EPRI's source-term in order to calculate the water
saturations in the near-field and EBS components for a known infiltration rate. These
are not required by other source-term models. The comparison of hydraulic data,
however, is conducted based on those used by EPRI's source-term and those by the
flow modules in the other TSPA programs.

Table 6.4-6 listed the comparison of the hydraulic data. Because the density and
porosity data are considered as physical data, the hydraulic data in this Table only
include permeabilities, parameters for characteristic curves, and irreducible water
saturations. The absence of concrete in the other source-term models limits the
comparison to only tuff.

6.4.5 Chemical and Release Data Comparison

Elemental solubilities for key elements are compared in Table 6.4-7. Sorption
coefficients for linear equilibrium sorption model are compared in Tables 6.4-8 through
6.4-10 for gravel backfill, concrete invert, and host rock, respectively. The concrete
component is not included in NRC's and DOE's models, so such data are not available
for NRC and DOE.

NRC also excludes the gravel backfill. Sorption data on gravel backfill in DOE's and
EPRI's source-term are taken as those on tuff. Sorption data on tuff are used in both the
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near-field and far-field transport in NRC's approach, only in the geosphere (far-field)
transport in DOE's approach, and both the near-field and far-field transport in
LMARC/ COMPASS. Comparison of these data are shown in Table 6.4-10. The
comparison of waste-form alteration rate and gap inventory fraction can be found in
Table 6.4-11.

6.4.6 Data Summaries

An important feature of the comparison presented in this Section is that some data
required by EPRI's source-term model are not required by other source-term models.
In this case, there is no comparative ground for the data used by EPRI's IMARC/
COMPASS.

Some differences in data are caused by the different assumptions made in the source-
term models. An example can be found in Table 6.4-4 comparing the water volume
inside the waste canister for calculating radionuclide concentrations. Great care should
be made in comparisons of source-term codes and data, because different conceptual
models may use similar, if not identical, nomendature for extremely different
properties.

Similarities in much of the data do exist among the compared source-term models.
Among those data, the tuff hydraulic data have the greatest similarity because the data
used by the three source-term models are taken from similar sources. Design-related
parameters are also similar between the DOE and EPRI's models because they both are
based on the horizontal emplacement geometry.

Finally, it is recommended that future comparisons and sensitivity studies ought to
consider the following points:

* Sensitivity! Priority What factors or parameters (e.g., radioelement solubilities,
effective diffusion coefficient, time-distribution of containment failures) are
convincingly shown to be important? Conversely, what factors or parameters
(e.g., waste matrix dissolution rate) have been shown to be relatively
unimportant? This is vital guidance to the data collection activity, and definitive
recommendations ought to be directed to appropriate decision makers.

* Completeness What factors or parameters (e.g., radioactive decay, decay chain
in-growth, sorption under partially saturated conditions) might be missing from
an analysis that may significantly affect total system performance? This is an
important constraint on model development that also ought to be passed to
appropriate decision makers. In this regard, it is useful that the EPRI source-
term code currently provides more performance factors and processes than other
U.S. source-term models.
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Subjective Uncertainty What factors or parameters (e.g., sorption of daughter
nuclides, future flows rates, the character and properties of failed engineered
barriers) have values that are based to a large degree on expert judgement rather
than direct measurement or design? This represents a relatively new area of
emphasis for EPRI regarding distinguishing objective, stochastic uncertainty
versus subject, "expert opinion" uncertainty, and how these can be combined to
satisfy public and regulatory concerns. The recent joint USDOE/USNRC study
of uncertainty with respect to volcanism hazard may represent a useful example
of this concern (apparently the report is still in review). In addition, there are a
number of innovative approaches to this issue developed by repository
programs outside of the U.S. that ought to be considered and evaluated..
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& Table 6.4-1. Comparison of Density Data.
CD

Componeats NRC DOE EP | Data Sesitivity Priority
Description ColieeValue UnCertainty CholeuVale UncertaInty Clolee/Value Uncerinty Availability

Degraded wuie-fonn 37 [cgamoajm 3j NA NA NA 1.3Sx104 [k&m3 04 None Yes Low - Medium Low
(spent fulel) _ _ __ _ __ _

spc 25502 [kg/m3j None 22471 [kg&j 1360 -2710 2580 [kg/m3]5 None Yes Low -medium Low

____________ ~~ ~~ ~~SD3
- 134.8 _ _ _ _ ___ _ _ _ _

Backfill NA NA Cnashed tuff2 None Cushed be 2 Nonc Yes Low -medium ILow

Concrete invert NA NA Not needed NA 2100 [gm 3]6 1906-2307 Yes Low -medium Low

Corrosion product NA NA Not needed NA 2700 - 4300 [kg/m318 Dcpend On Yes Medium Medium
minerals fonned

1: mean value and for Topopah Spring welded member only.
2: The density of crushed tuff is determined by multiplying the density of the intact tuff by the porosity of the crushed tuff.
4: Grambow 1989.

3: Standard deviation, basic statistics.
5: Peters et al., 1984.
6: mean value.
7: Deer el aL, 1978.
8: Weast and Astle 1979.
"NA" means "Not Applicable" or "Not Available" from the cited source.
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Table 6.4-2. Comparison of Porosity Data.

Components NRC DOE EPRI DNta Sensitivity Priority
Dbcriptff ChoikedVRe Uncertainty Chokei/Vlue Uncertainty Choice/Value Uncertinty Avallability

Degraded waste-form NA NA 1.01 None 0.2 3 0.01 -0.569 No High High

Rock matrix 0.08 -0.2 Unifonni NA NA 0.114 None Yes Low -medium Low
distribution

Rock fracture NA NA NA NA 105 0.9- 1.0 No Low -medium Low

Backfill NA NA 0.42 None 0.42 None Yes Medium Low

Concrete matuix NA NA NA NA 0.086 None Yes Medium Low

Concrete fracture NA NA NA NA 1.05 0.9-1.0 No Medium Low

Corrosion product NA NA 0.4 Assumed the sam 0,357.8 0.3 - 0.47 No High Medium
____ ____ ___ ___ ____ ___ k the crushed tu _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _

I : Here the porosity means the porosity in the canister void space.
2: Bear 1972

3: Best estimate values.
4: Petersetat., 1984.
5: Open fractures are assumed, listed are the best estimate values.
6: Used in Yu et aL, 1995.

7: Bullen 1996.

8: Mean value.
9: The maximum porosity = (canister volume - waste-form volume)/canister volume (see Table 6.4-5).

"NA" means "Not Applicable" or "Not Available" from the cited source.
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Table 6.4-3. Comparison of Diffusion Coefficients.

Colmposents NRC DOE EPMI Bata Sensitivity Prority
Description Choice/Vadue Uncertainty Cboike/Vale Uncertainty ChokeNate&l Uncertainty Availability

In free walter NA NA 0.03 IS (m2 lyr] NA 0.032 jm2/yr] Teanpeature Yes Medium - high Low
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~demedent _ _ _ _ _ _

Rock matrix S.7xlO -5.7xlO NA NA 9.57xl0'4 [m2/yrP 1.74x10r4 No Medium -high High

[,rJ Lgundist uon 0.00174 (m2/yrj

Rock fiacture (ualed as NA NA 0.0 1687 [m2Iyr]3 0.00174 .0.032 No Medium -high High
near-field rock) _m2(yr]

Backfill NA NA Conac's curve1 0.32 Conca's curve' 0.32 Yes Medium - high Low

Concrete matrix NA NA NA NA 1.57xIO04 jm2 yr 3.5xl-5 -3.5 No Medium high LOW

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~~ ~~ ~~~x 10-4 (n,2) r1_ _ _ _ _

Concret fracture NA NA NA NA 0.0151 pm2/yr]3 0.00174 -0.032 No Medium-high LOW

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __I_ [in2 /y rl _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Corrosion product NA NA Conca's curvel Assumed samcas 0.0204 1w2 /yr 4 NA No Medium -high Medium
the crushed tuff

1: Conca and Wright 1992.
2: one standard deviation of loglO of the expected value.
3: Mean values.
4: Based on tortuosity = x/2 from Bullen 1996.
"NA" means "Not Applicable" or "Not Available" from the cited source.
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Table 6.4-4. Comparison of Water Saturation, Volumetric Content, or Volume for Calculating Concentrations.

Components NRC DOE EPI_ Dsth Sensitivity Prority

Dscription ChoietValve Uncertainty Choke/Vahe Uncertainty Chole/Vale Uncertainty Availabilty

Degraded waste-form or Minimum volume NA I [iMn] thick water NA Saturation - 1.0 for 0.01 -1.0 (for no- No Medium - high High
canister I [iter] film tIrougg-floi model 1, Jlow only)

= 0.5 for no-flow

model3

Rock NA NA NA NA Calcuated2 None Yes Medium -high Low

Backfill NA NA Voliuetric water NA Calcahted2 None Yes Medium -high Low
content - 0.10

Concrete invert NA NA NA NA Calculated 2 None Ycs4 Mediun -high High

Corrosion product NA NA Volumetric water NA 0.753 0.5 - 1.0 No Medium -high High
content - 0.10 I

1: "Best estimate" values.
2: Calculated according to infiltration rates and hydraulic properties, see Zhou andApted 1995.

3: Mean values.
4: The characteristic curves used for calculating concrete water saturation are from a published work by Yu et al., 1994.

"NA" means "Not Applicable" or "Not Available" from the cited source.

r
CN- I



$' Table 6.4-5. Gdgoeaa Data Comparison.

COMpo _Fa r Palumer DOE EPRi
_ _ _ _ _ _ _ _ _ fi~~~~ ~~~~~~~~~~~~ ~ ~~~~~~~~~~ata Sesslivwity Priorit

Description Cb.kdVala Ioterutalay Cbake/Vola Uwertblty ClbiekelVabl U&-eertaisy Availhbirt _______

Canlser and model iTvalait spher gi t&d Equivalwplere Desip rlated Cy haq Desigm related Yes High Low

geomdl' far vaertiCa for harizontal for horizontal
emplacement with auplacezuent with enplacanlait with
a&= -0.35 line inner radius - 00.7 inner radius - 0.76

s u d i u s~~~s 0.3 5 l m j 
2 j~I IM I [M l 

1
I_ _ _I

Crerkngth 4.76 [m2 Design reladl 4.93 lo) (innar Design rdltedi 4.91mll Desipn related Yes Medium Low

Wate-form uifac r NA NA 50 m2 for each NA 5 1m3 for 21 PWR De[ign related Yes Medium -high LOw
volume wafte p w asseMbi ator 3.92

contamin 21 PWR m3) for 40 BWR
asamblies assemblies I

Canist lhickaeu NA NA 012 il Di related 0.03 -0.11 ml Desie rele Yes Medium -higb Low

Backfill g NA NA quivat spheia Deign related i yhndriccl Design related Yes Eow _medium Low
thickness- I [ml Jm-1 I

Cocre geomety NA NA NA NA Cylinial di Moe reai3 Yes LOW -medium Low
-*iftrds -

ba fll outer risius
Driiftometry NA NA 5 (ml L)esin related Radius -3.S1 Il Modkrelsta

3 Yes Low-medium Low

Rodc outer boday Order of ws Design md model 0.0 Model relsied Cylindral tbkim Model relalt
3

related - I -S [ml _ _ _

Pinhole ares N A A I min
2 l NA I Imm,2 None No Medium high Medium

Fraction of faied caisiter NA NA 0.1 (miaua) Timeqedenp 0.05 I-, 7.0.18 No Medium Medium
surace e_

Tufffratureapture NA NA NA NA 1.SxIo-
4 ImI 5.6.

7 I.SlxlO4 4-. 00. Yes LIow nium Low

.__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ [Im I6-7 I _

Tuff fracture SpAcng NA NA NA NA 0.22-0-33 [mjS6
7 0.22 -0.33 Yes Low -medium Low

_ _ _ _ __ _ _ _ _ _ _ _ _ ___ IreJi
7

_ _ _ _ _ __ _ _ _

Concrte acre apertre NA NA NA NA I* Imi None No Low -medium Low

Concrete fature spcing NA NA NA NA 0.33 [ml None No Low -me ium Low
Effective soption NA NA NA NA Sae as faure None No Medium Mediium

thickness for frres _r_ _ _

I: Chapter 4 in Wilson et al.1993.

2: Chapter 7 in SCP 1988.

3: see explanations in the text.

4: TRW1995

5: "BIest estimate" values.

6: Pruess and Tsang 1994.

7: Pruessetal. 1988
8: Uncertainty ranges from the order of a pinhole area to the I10% of halfof the canister surface area, IBullen, 19961.

"NA" means -Not Applicable" or "Not Available" fiom the cited source.



Table 6.4-6. Comparison of Tuff Hydraulic Data.

Parameter NRC DOE_ EPRI Data Sensitivity Priority
Description CbeleeIVC 3 Uncertainty ChIcJ1'., Uncertainty _ h _cj.a,*l Uncertainty Availabilty

Matrix permcability 3.6xl0 19 -1.2 LoPnorma 3.lxl0 1 3-5.2xlO(9 2xlO-1 "t 4 1.9X1-O18 Im2J None

x lo-18 t m 2] distribution [mIs] SD5 -0.9

Fracture permeabilit I.9,xdO1 6 1m21 None I.gx10'12 [m2i Constant 1.8X10-14 [m21 None Yes Low -medium Low

Air-entry parameter 6x103 1lm] NA 0.0021 .0.4224 0.0134 0.00568 fl/ml None Yes Low -medium Low

formatrix (a9 lIhn] SD5 = 0.5

3aturation/desaturatio 1.4 -2.2 Uniform 1.155-5.363 1.714 1.798 None Yes Low -medium Low
n parameter fbr distribution SD5 - 0.21

matrix (b9_
Air-entry parameter 1.28 [l/mI NA 10.0 (Ih/m NA 1.28 1I/ml None Yes Low -medium Low

for fracture () 3

aturation/desaturatio 3.2-5.3 Uniform 5.0 NA 4.23 None Yes Low -medium Low
n parameter for distribution

fractirre(b)3 _

Matrix irreducible 0.0 None 0.045 None 0.0801 None Yes Low -medium Low
water satuation

Fracture ireducible 0.0 None 0.0 None 0.04 None Yes Low -medium
water saturation _ _ _

1: Listed data arm for Topopah Spring welded tuff.
2: All data from Pruess and Tsang 1994 and Peters et al., 1984.
3: Curve-fitting parameters for characteristic curves.

4: Geometrical mean.
5; Standard deviation, loglO(parameter) distribution.
"NA" means "Not Applicable" or "Not Available" from the cited source.
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Table 6.4-7. Comparison of Solubilily Data for Key Radioelements.

NRC1 DO&2 EPR13 Data
Elements Choire/Value Uncertainty Choice/Value Uncerlainty Cboice/Value Uncertainty Availability Sensitivity Priority

kg031 _ 1kfg3) ikg/m31
Ac NA NA 1.2E-4 2E-8 to 2E-4 (U) 7E-7 2E,8 to 2E-S Analogue4 Low3 Eow
Am NA iE-6 to 3E-4 -4 2E-8 to 2E-4 (U) 2E-S 2E- II to 2E-4 High Medium Low7

Cs 1.0 None 4E-I IE-3 to 2EO (L0) 4E-1 IE-3 to lEO Medium LoW6 Low6

1.0 None 127 none 2E3 4i2 to 2E3 Medium Low6 Low6

Np NA 1E4 to 2E-2 3E-2 IE-3 to 2E0 (LB) 21-2 IE-3 to 2EO) High High High
Pa NA NA 7E-6 2E-8 to 2E-3 7E14 SE-6 to IE-I Analogue4 Lows LowS

(LU)
Pb NA 2E-6 to 6E-4 7E.5 2E-6 to 2E-3 6E-5 2E-6 to 2E-3 Medium Lows Lows

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~ ( L B )_ _ _ _

Pu NA 2E-7 to 5E4 1I-4 2E-6 to 2E-4 2E-6 2E-8 to 2E-4 High High Medium 7

(LB)
Ra NA 9E-6 to 9E-5 2E,5 2E-7 to 2E-3 2E-6 2E-8 to 21-4 Medium Lows Low5

_ _ _ _ _ _ ( L B ) _ _ _ _ _ _ _ __~(L B
Se 1.0 None 8E0 8E-I to 652 (LT) 8E-1 8E-2 to 6E2 Medium Low 6 Low6

Tc 1.0 None IE-I 4ES to 1E3 (LT) IE-I 3E-S to IE3 Medium High Highl

Th NA 2E-12 to IE-4 7E,7 2E-8 to 2E-5 7E-7 2E-8 to 2E-5 High Medium Medium7

_ _ _ _ _ _ _ ( L I ) ) _ _ _ _ _ _ _ _ _ _ _ __~(L U

U NA 4E-8 to 3E-5 85-3 2E-6 to 2EO (LB 1 7E-3 2E-6 to 5E-2 High High High 7 ,8

1: NRC uncertainties reflect 0.001 and 99.9 percentiles of distributions. All distributions of solubilities in the NRC approach are
log-normal. Values reported in NUREG-1464 (Wescott et al. 1995) have been rounded to one significant figure.
2: DOE uncertainties reflect differing distributions. Notation used in the table is as follows: U - uniform, T = triangular, B = beta, LU
= log-uniform, LT = log-triangular, LB = log-beta, E= exponential. Values have been rounded from those reported for the Nominal
Case in TSPA-1995 (TRW 1995) to one significant figure. Column in "Value" reflects mean or peak value of the distribution.
3: EPRI uncertainties reflect "Best Estimate" values from IED-9517-3 (Apted and Zhou 199S), and do not include the entire range
considered credible for the conditions of interest. "Credible" estimates are broader, and may encompass more of the DOE and NRC
ranges. Iodine values were taken from the revised estimates presented in the 19 February 1996 fax from Mick Apted to Robin McGuire.
4: "Analogue" means that data for this radioelement is generally difficult to obtain (because of short half lives or scarcity of isotopes),
hence data used is based on assumed analogous chemical properties to some other radioelements.
5: "Low" value assigned on expectation that decay chain in-growth from parent actinides, rather than elemental solubility within the



EBS, is the dominate factor limiting radionuclide release rate to the biosphere.
6: "Low" value assigned on expectation that waste-form dissolution rate, rather than elemental solubility, will limit radionuclide release
rate from the EBS to the geosphere and eventually to the biosphere.
7: The solubilities for these actinides (Am, Pu, U, Th) are more important as constraints to the eventual release of their decay daughter
nuclides than as constraints to the release of isotopes of these actinides themselves. Hence their priority will vary as a function of
half-lives and abundances of dominate isotopes, containment time, waste-form dissolution rate, and certain other EBS performance
factors. Given the mass dominance and long half-lives of U isotopes, the priority for U is always expected to be "high".
8: A "high" priority is assigned to Tc because the solubility for this element displays extraordinary sensitivity to redox potential. The
Yucca Mountain region is expected to remain relatively oxidizing throughout its operational lifetime. The presence of massive amounts
of reduced metal as container material, however, may locally and temporarily (but nonetheless significantly) lower the solubility for this
redox-sensitive radioelement. The same may also apply to U solubility.

"NA" means "not applicable" or "not available" from cited sources.



Table 6.4W. Comparison of Data for Sorption on Cement of Key Radioelements.
c0

NRC DOE: EPR1 DAt

Elements Cls/v.ikN, 1m3 Unceriaaq CiwiVaIue 13 Usertaiaty Choie/Valve Uncertainty Availability Seusitivity Priority

_ _/kgjl __3__ _ _ _ _ _ _
Ac NA NA NA NA 3E0 liEO bt 5EO Anaoguez Lows Lowr
Am NA NA NA NA 2EI 6F to 5E2 Medium Hi Low5

Cs NA NA NA NA 5E.3 IE-3 to 4E.2 High Hig! High4

NA NA NA NA 18I 28.2 to 2E-1 Medium Hig 4 High4

Np NA NA NA NA 580 IEO o lE igh High Medium
Pa NA NA NA NA 5E4 IEOtoIEI Analoguc2 Low3 Low3

Pb NA NA NA NA 2E-1 5E-2 to 5E-1 Low Low3 Low3

PU NA NA NA NA - lEI iEOb3Ei High High Low5
PA NA NA NA NA _ 18I SE-2 to 4EO Low Low3 Low3

SC NA NA NA NA 1-4 Oto 1IE3 Medium High4 Higb

Tc NA NA NA NA 4E-3 0 to 68-3 High High4 High4

Th NA NA NA NA 3E0 lEOto5E0 High High Low5

NA NA NA NA 2E0 4E-1 to IEI High High Low 5

1: EPRI uncertainties reflect "Best Estimate" values from IED-95 17-3 (Apted and Zhou 1995), and do not include the entire range
considered credible for the conditions of interest. "Credible" estimates are broader, and may encompass more of the DOE and NRC
ranges. Sorption values of zero were used in the IMARC "base case" calculations.
2: "Analogue" means that data for this radioelement is generally difficult to obtain (because of short half lives or scarcity of isotopes),
hence data used is based on assurned analogous chemical properties to some other radioclements.
3: "Low" value assigned on expectation that decay chain in-growth from parent actinides, rather than elemental sorption within the
EBS, is the dominate factor limiting radionuclide release rate to the biosphere.
4: "High" value assigned on expectation that because waste-form dissolution rate, rather than elemental solubility, will limit
radionuclide release rate from the EBS to the geosphere and eventually to the biosphere, that dispersive processes such as sorption will
act to broaden the release rate pulse, thereby lowering the peak release (dose) rate.
5: The EBS release behavior of these actinides (Am, Pu, U, Th) is more important as a constraint to the dose (release) rate of their
decay daughter nuclides to the biosphere than as constraints to the release of isotopes of these actinides themselves. Depending on the
sorptive delay of these parent nuclides within the EBS (which, in turn, is a sensitive fimction of other EBS factors, most notably
volumetric water content) compared to their transit time through the geosphere, the priorities for sorption of thcse actinides in the EBS
may range fiom "low" to "high".
"NA" means "not applicable" or "not available" from cited sources.
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Table 6.4-9. Comparison of Data for Sorption on Corrosion Product of Key Radioelements.

NRC DOE EPRII Deft

Element Cjoke/Volve lj 3 Un"rtinrty Choke/Voile tme URcerhhty CholevI. jM Uncertainty Avoltability Sensitivity Priort

J~~~~~~~~~~kg] /gll
Ac NA NA NA NA 3EO IEO to SEQ Analogue2 Low3 LowJ
Am NA NA NA NA 3EO I EO to 5EO Medium High LOW5

Cs NA NA NA NA IE-2 O to 2.5E-1 High High4 High4

NA NA NA NA 0 None Medium High4 High 4

Np NA NA NA NA 7.5E-1 5E-i to lEO High High Medium
PRs NA NA NA NA 7.5E&1 5E-I to lEO AnalogUe2 Low3 Low3

Pb NA NA NA NA 5.5E1 IE-l to lEO L ow L ow3 LOW3

Po NA NA NA NA 3EO lEO to SEO High High Low5

Ra NA NA NA NA 3E-2 0 to 7.SE-1 LOW LoOw3 Low3

SC NA NA NA NA 5.E.1 IE-l to lEO Medium HiMh4 High4

TC 14A NA NA NA 0 None High High4 High4

Tb NA NA NA NA 3EO lEOtoSE0 High High LOWS

U NA NA NA NA 5.SE-1 IE-I to IEO High High Low_

1: PRIuncrtantis rflet Best Estimate" values from IED-9517-3 (Apted and Zhou 1995), and do not include the entirerag
considered credible for the conditions of interest. "Credible" estimates are broader, and may encompass more of the DOE and NRC
ranges.
2; "Analogue" means that data for this radioelement is generally difficult to obtain (because of short half lives or scarcity of isotopes),
hence data used is based on assumed analogous chemical properties to some other radioelements.
3: "Low" value assigned on expectation that decay chain in-growth from parent actinides, rather than elemental sorption within the
EBS, is the dominate factor limiting radionuclide release rate to the biosphere.
4: "High" value assigned on expectation that because waste-form dissolution rate, rather than elemental solubility, will limit
radionuclide release rate from the EBS to the geosphere and eventually to the biosphere, that dispersive processes such as sorption will
act to broaden the release rate pulse, thereby lowering the peak release (dose) rate.
5: The EBS release behavior of these actinides (Am, Pu, U, Th) is more important as a constraint to the dose (release) rate of their decay
daughter nuclides to the biosphere than as constraints to the release of isotopes of these actinides themselves. Depending on the sorptive
delay of these parent nuclides within the EBS (which, in turn, is a sensitive function of other EBS factors, most notably volumetric
water content) compared to their transit time through the geosphere, the priorities for sorption of these actinides in the EBS may range
from "low" to "high".
"NA" means "not applicable" or "not available" from cited sources.
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0 Table 6.4-10. Comparison of Data for Sorption on Gravel and Near-Field Rock of Key Radioelemuents.

IRCt DOE2 EpR13 Data
Elements ChoieiVa. jm3 Umcertainty Coice/Value 1W3 Uncertainty ChoiceValue Uecertalaty Availabilty Sensitivity Priority

/kgj Ikgl 13 Im k _/]

Ac NA NA 4E-1 IE-I to IEO(B) lEO IE-1 to2EO Analoguc4 ow5 ow
Am NA 8E-2 to 8EO 4E-l IE-I to IEO(B) IEO IE-I to 2EO Medium High Low7

Cs NA 4E-2 to 4EO NA IE-2 to IEl I(U) IE- IE-l to 2E-1 High High6 High6

0 None 0 None 0 None Meditun High6 Higb6

Np NA 4E-4 to 5E&2 L.OE.3 0 to 1.5E-2 (E) 2E-3 0 to SE-2 High High Medium
Pa NA NA NA 0 to IEI (U) 2E-3 0 to 5E-2 Analogue 4 Low5 Low 5

Pb NA 7E-4 to 7E-2 NA IEI to 5E-1 (U) 3E-1 O to 5E-1 Low Low5 LOW5

Pu NA 2E-2 to 2EO IE-I SE2 to 2E-I (B) IE-I SE-2 to 2E-1 High High Low7

RA NA IE-I to 2EO NA 5E-2 to IE-1 (U) 3E-1 IEI to SE-1 LOW Low5 Low5

Se NA 3E-4 to 3E-2 3E-3 0 to 2E-2 (E) 3E-3 0 to SE-3 Medium High6 6

Tc 0 None 0 None 0 None High High6 High6

Th NA 5E-3 to SE-1 4E-1 IEI to IEO (B) lEO IE-I to 2E0 High High Low 7

U NA 2E-5 to 2E-3 IE-3 0 to 3E-3 (B) 3E-3 0 to SE-3 High High Low7

1; NRC gravel sorption values were taken as Topopah Spring Tuff firm NUREG-1464 (Wescott et al 1995), to ensure consistency with
the use of Topopah Spring Tuff values in IED-9517-3. All NRC Kd distributions are log-uniforn. Values reported in NUREG-1464

have been rounded to one significant figure.
2: DOE sorption values on gravel taken as unsaturated vitric Tuff from TSPA 1995 Table 7.4-2 (TRW 1995). Expected values from
TSPA are listed as "value" and range of the distribution is listed as uncertainty. DOE uncertainties reflect differing distributions.
Notation used in the table is as follows: U = uniform, T = triangular, B = beta, LU = log-uniform, LT = log-triangular, LB = log-beta,
E= exponential. Values have been rounded fiom those reported for the Nominal Case in TSPA-I 995 to nearest 0.5 value.
3: EPRI uncertainties reflect "Best Estimate" values from IED-9517-3 (Apted and Zhou 1995), and do not include the entire range
considered credible for the conditions of interest. "Credible" estimates are broader, and may encompass more of the DOE and NRC
ranges.
4: "Analogue" means that data for this radioelement is generally difficult to obtain (because of short half lives or scarcity of isotopes),
hence data used is based on assumed analogous chemical properties to some other radioelements.
5: "Low" value assigned on expectation that decay chain in-growth from parent actinides, rather than elemental sorption within the
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EBS, is the dominate factor limiting radionuclide release rate to the biosphere.
6: "High" value assigned on expectation that because waste-form dissolution rate, rather than elemental solubility, will limit
radionuclide release rate from the EBS to the geosphere and eventually to the biosphere, that dispersive processes such as sorption will
act to broaden the release rate pulse, thereby lowering the peak release (dose) rate.
7: The EBS release behavior of these actinides (Am, Pu, U, Th) is more important as a constraint to the dose (release) rate of their decay
daughter nuclides to the biosphere than as constraints to the release of isotopes of these actinides themselves. Depending on the sorptive
delay of these parent nuclides within the EBS (which, in turn, is a sensitive function of other EBS factors, most notably volumetric water
content) compared to their transit time through the geosphere, the priorities for sorption of these actinides in the EBS may range from
"low" to "high".
"NA" means "not applicable" or "not available" from cited sources.
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Table 6.4-11. Comparison of Data on Factors Affecting the Release of Key Radiodlements from Spent Fuel.

ModedParaieter NRC 1 DOE2 EPR13 Data

Description ChobelValue Uncertainty ChoicelValue Uecertainty ChokeeValue Uncertainty Availability Seesifivity Priority

_In3 /kgl Im3 /kge] _ _
3 kg

U02 Matrx Alteaion NA 1 3 to NA 2.17E-2 to IE-4 2.SE-S to
Ruate Wrtsyr _ IE-5 (LU) 9.9E-2 2.5E-4

Instant Release Fraction 2.5 None 2 None 2 None Medium High Medlium

1: The range in UO2 matrix alteration rate is from page A-20 of Appendix A of NUREG-1464 (Wescott et al 1995). The distribution in values is
assumed to be log-uniform (LU). The data for instant release fraction is cited on page 5-24, NUREG-1464.

2: "Alteration rate" from DOE TSPA-95 (TRW 1995) is based on the product of the intrinsic dissolution rate (kSF, in gmh/moycar) of the UO2

matrix and the specific surface area of the U0 2 matrix (in m2/gm). Log kSF is calculated (page 6-2, TSPA-95, 1995) as a sum of terms
involving temperature, total carbonate concentration of contacting water, pH, and a fitting parameter, and each term has uncertainties in their
constants. The stated maximum range in kSF is 5.5 to 25 gm/m oyear (Figure 6.2-4, TSPA-95, 1995). The recommended minimum specific
surface area (page 6-3, TSPA-95, 1995) is 3.96 x I 0 m2/gm. The product of this specific surface area and the range in kSF is reported in the
table above. No assumed distribution is cited for this range in values. The data for instant release fraction is from Table 6.2-1, TSPA-95 (1995).

3: EPRI values and uncertainties for dissolution rate (also referred to as "alteration rate") reflect "Best Estimate" values from IED-9517-3
(Apted and Zhou 1995), and do not include the entire range considered credible for the conditions of interest. "Credible" estimates are broader,
and may encompass more of the DOE and NRC ranges. Data for instant release fiaction is from EPRI TR-100384 (1992), Table 11-2.

4: Alteration rate of UO2 can be a sensitive factor for some scenarios involving the "through-flow" release mode (e.g., when the dripping water
flow rate is extremely high). For scenarios, however, peak release (or dose) rates from the EBS do not scale directly with UO2 matrix alteration
rate.

"NA" means "not applicable" or "not available" from cited sources.
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Appendix BA. Additional COMPASS 2.0 Features and Capabilities

In this Appendix, COMPASS features and capabilities that have not been used in this
set of IMARC calculations will be presented. These include overflow release model
resulted from the wet-drip water contact mode and release models from the moist-
continuum water contact mode.

6A. 1 Overflow Release Model

The overflow case represents a single failure at the canister top such that the
radionuclides are released only when the canister is filled (see Figure 6A-1). The
canister and its corrosion products are assumed to provide no resistance to
radionudlide release at this point; i.e., release is directly to the EBS.

.... .IriU:to

Figure 6A-1. Conceptual model of the overflow model (wet-drip mode).

The compartment model for this release case is illustrated in Figure 6A-2. The
mathematical model is described below.

The conceptual model in the overflow case follows that in a previous study oSadeghi et
al., 1990], with addition of in-growth and elemental solubility limit. The general
equation for mass balance of the ith nuclide inside the canister is:
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d [ V(t) A(t) )

dt = - V(t)A'(t) + A-11[ V(t)A'-' (t)]+fgjMj(t2) (t2 )

+ R. +f Am(t) V(t)- V(t) - QdC(t) u(t - ) t > t
(6A-1)

where

Aci(t) - total concentration [mol/m 3 ] inside the canister;

V(t) - water volume inside the canister tm3 ];

X- decay constant [1 /yr];

fg andfm - inventory fractions in gap and U02 matrix, respectively;

Mi(t) - mass of the ith nuclide in the solid waste [mol];

6(x) - Delta function [l/yr];

Ra - fractional release rate due to U02 matrix alteration [1 /yr];

Qd - dripping rate [m 3 /yr];

Vd(t) - canister water volume in contact with the waste that has completed

alteration [im 3 ];

Vc- canister void volume [m3];

CQ(t) - aqueous concentration of the ith nuclide [mol/m3 ];

t- canister failure time after the emplacement [yr];

t2- overflow time after the emplacement [yr].

The unit step function in the above equation is defined as

Ox < 0;

u(x) = 1 1,x > O. (6A-2)

The volume function is defined as [Sadeghi et al., 1990]:
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V(t) - V.(t) =

vC

r~d (t 9 tj S5 t < tj + t. ;

|C Qa, tl + t, <"t2 ;

| V~ Idt +t t2 5' t < t2 + t.;

to, t2 + t. 5 t.

(6A-3a)

where ta is the alteration time [yr].

The above equation is only valid for the alteration/degradation time less than the
filling period, i.e., ta < t2 - tj. It is also only valid for constant dripping rate. If the
dripping rate changes with time, average dripping rate during the filling period is used
in the equation. In case the alteration time is greater than the filling period, the
following equation is used:

rQI(t - t, ) # -

VWt)-V.(t) O. 2ta. __ tI)

V, [ 2ta

I° t 2 + ta 5 t.

- & 29

t2 S5t <t2 + t.; (6A-3b)

which is derived based on a simple mass balance analysis in the period t1 • t • t2 + ta.

The total concentration is the summation of aqueous and precipitated concentrations:

AC(t) = C'(t) + P, (t) (6A-4)

where Pci(t) is the precipitated concentration [mol/m 3]. If the ith nuclide is an isotope

of the kth element and its solubility is Csk, and if the elemental solubility is exceeded,
the aqueous concentration for the ith nuclide is:

I

J

(6A-5)

6-68



Source Term Models

diffusivee pathway *

adective pathway

Figure 6A-2. Schematic of compartment models in COMPASS.

6-69



Source Term Models

where the denominator represents the summation of total concentrations over all
isotopes of the element k.

The mass in the solid waste form Mi(t) is determined from initial inventory MP and
mass-balance equation for the ith nuclide. The initial condition to (6A-1) is

A (t1) = 0 (6A-6)

The release rate [mol/yr] after the overflow time is given by:

m (t) =Qd C,()tt (6A-7)

6A.2 Moist-Continuum Contact Mode

Moist-continuum covers the transport scenarios other than wet-drip under partially
saturated conditions. For example, the canister may fail due to the exposure to high
temperature water vapor, or due to the exposure to water film formed by imbibition of
pore water in the surrounding rock. The later case may develop when the Flow-
Barrier-System (FBS) [Apted et al., 1994] is employed. Water film may eventually
contact the canister and dissolves the solid waste, form a continuous diffusive pathway
for radionuclide migration into the EBS (see Figure 6A-3).

Because the release and transport of radionuclides are limited to diffusion only, the
release model in COMPASS is referred to as "no-flow" model. The corresponding
compartment model is shown in Figure 6A-2.

In the mathematical model, it is assumed that water contacts the entire waste at the
failure time tj, forming a continuous diffusive pathwayl. Upon contacting with water,
the waste form releases radionuclides into the pore water in the unsaturated, degraded
waste form. The dissolved nuclides then migrate through the canister corrosion-
product compartment into other EBS and near-field host rock compartments by
diffusion. The mass-balance equation for the ith nuclide inside the waste-form pore
water is:

1 When the Flow-Barrier-System is employed, the failure time t 1 may be significantly
greater than that without the FBS due to the delayed water contact time.
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[W )= - AjV. A'(t)] + Ai-, [VW Al1(t)] + 80I)GA01)

+ R. fop, MI() u(t 1+ t - )+ Twq,[ Ci, (t) -C(t)], t> t, (6A-8)

Figure 6A-3. Conceptual model of the no-flow model (moist-continuum mode).

where

VW- total waste-form volume im3];

Tw,cp -jtransfer coefficient between waste-form and corrosion-product

compartments (see Figure 6A-2) discussed in Section 6.2 [m3 /yr];

C,(t) - aqueous concentration in corrosion-product compartment [mol/m3].

The total concentration is given by:

AW(t = OS.Ct + (1-0.)SW1 ,(t) + Pt (6A-9)

where

Sw(t) - concentration for sorbed nuclides [mol/m3J;

w- waste-form porosity;

SIw- liquid saturation in degraded waste form.
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If linear equilibrium sorption model is used, the capacity factor of the kth element used
to evaluate the aqueous concentration is defined as:

a = OtwSw + (I- wjpw w (6A-10)

where

Pw - the solid density [kg/m 3] of waste form;

Kuk - sorption coefficient [m3/kg] for the kth element in the waste form.

If the ith nuclide is an isotope of the kth element, its aqueous concentration is
determined according to the following:

| 1C,AL~Q) if X *

if k~C

1a~~~~aA4 (t) if < Ck 6A11

where Csk is solubility of the kth element.

The initial condition used to determine the total concentration is zero.

Although COMPASS is developed for unsaturated repository conditions, it may be
used to address saturated conditions in two ways.

First, the repository/near-field may become fully saturated due to the fluctuation of
infiltration rates. In this case the near-field is conditionally saturated temporarily,
depending on the magnitude and time-period of the infiltration rate.

Secondly, the repository may become fully saturated due to events not correlated to the
infiltration rate change, such as the fluctuation of water table. In this case, the
repository/near-field is fully saturated unconditionally. A separate model called
"saturated-flow' has been implemented to deal with this scenario as a special case in
moist-continuous water-contact mode. When the repository/near-field is fully
saturated, a continuum diffusive pathway for radionuclide transport is present from
the waste form to the near-field host rock. In addition, advection is present in the
gravel backfill and water flows from the backfill into the concrete fracture and then to
rock. This advection flux, however, is controlled by the maximum flow capacity of tuff.

6-72



Source Term Models

The release model of radionuclides from solid waste under the saturated condition
(called saturated-flow model in COMPASS) is the same as that in the unsaturated
condition (called no-flow model COMPASS). The only difference is that the canister
interior is fully saturated in this case.

6A.3 Summary

In summary, COMPASS addresses source terms resulting from two types of water-
waste contact modes. In each contact mode, there are two release models with each
addressing an extreme release case. These models are summarized in Table 6A-1
below. Among these models, only the through-flow release model has been used in the
IMARC calculations.

Table 6A-1. COMPASS Source-Term Models.

Water Contact Mode Release Models Definitions

Wet-Drip Overflow Canister failure at top only

Through-flow Canister general failure

Moist-Continuum No-flow Unsaturated repository

Saturated-flow Saturated repository
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7
A COMPOSITE VARIABLY-SATURATED HYDROLOGY

MODULE FOR RISK-BASED EVALUATION OF HIGH-

LEVEL WASTE REPOSITORIES (FRANK SCHWARTZ,

ED SUDICKY, AND ROB MCLAREN)

7.1 Introduction

Section 3.2 described the conceptual flow model in the unsaturated zone. This section
explains how the most important elements of the hydrogeologic setting are
implemented in a flow and transport code. In addition, it evaluates how the modeling
approach and the model parameters compare in light of work by other performance-
assessment groups.

Briefly, the enhanced hydrology simulator accounts for transient variably-saturated
flow and advective-dispersive transport of a decay-chain, in a coupled dual-porosity,
dual-permeability context, from the base of the repository to the water table. The
dual-porosity, dual-permeability approach allows for the coupling of fluid and solute
interactions between the fractures and the porous rock matrix. Radionuclide sorption
can occur both in the fractures and in the rock matrix. Upon entering the saturated
zone at the water table, the simulator takes into account three-dimensional
advective-dispersive transport of the radionuclides during their migration to a
downgradient compliance boundary. The saturated zone module can also handle the
process of matrix diffusion into the immobile porewater contained in the rock blocks
below the water table, as well as radionuclide sorption and daughter-product
ingrowth.

7.2 Problem Domain and Flow and Transport Parameters

The problem domain consists of several one-dimensional pathways from the potential
repository to the water table and a connected saturated pathway that transports
radionuclides to some point of use. Following TRW (1995) the stratigraphy is idealized
in terms of four main units including: TopopahSpring welded (TMw - 111.2 m thick),
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Topopah Spring vitrophyre (Thv - 8.4m), Calico Hills nonwelded vitric (CHnv - 80.7 m)
and Calico Hills nonwelded zeolitic (CHnz - 121.2 m).

Initially, the matrix parameters for the four layers (Table 7-1) were assumed to be the
same as those presented by TRW (1995), which evolved from previous work by Sandia.
However, indications are that matrix permeabilities in all units are somewhat larger.
The values presented in Table 7-1 represent values presently used in LBNL work.
Given the dual porosity formulation, it isnecessary to provide parameters
characterizing features of the fracture network (Table 7-2). Information on porosity,
fracture spacings and fracture hydraulic conductivities come from Wilson et al. (1994)
and van Genuchten parameters come from Wittwer et al. (1995). In terms of transport
for the base case, all units are considered to have a longitudinal dispersivity of 5m. The
free-water diffusion coefficient for the matrix and fractures are 10.10 m 2 /s and 109 m 2/s,
respectively.

The saturated zone is assumed to be described by parameters appropriate to the
Bullfrog welded unit. The parameters for the base case are tabulated in Table 7-3.
They are derived from Wilson et al. (1994). It should be mentioned that the average
linear flow velocity applies to the flow of water through the fractures and reflects the
relatively low effective porosity. With the present model conceptualization, even
conservative tracer will be effectively retarded by diffusion into the matrix. Thus, the
velocity of contaminant migration for these simulations will be similar to what other
modeling groups are using (i.e., 10 m/yr).

Table 7.1.
Summary of hydraulic parameters for the matrix in the unsaturated zone.

Unit Selected Parameters TRW (1995)

TSw 3C thickness (m) 111.2

porosity 0.139

bulk density (kg/m) 2247

saturated K (m/s) 2xltY"

pG 1/m 0.0130

bVc m/s 1.710

Sr 0.045

TSv 4 thickness (m) 8.4

porosity 0.065
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bulk density (kg/m3 ) 2308

saturated K (m/s) 1xlQ11

1lvG l/m 0.0024

b,. m/s 2.234

SI 0.118

CHnv 5 thick (m) 80.7

porosity 0.331

bulk density kg/m3 1737

saturated K (m/s) 1x10

p"1 l/m 0.0227

bG m/s 2.361

SI 0.097

CHnz 6 thickness (m) 121.2

porosity 0.306

bulk density (kg/rn3 ) 1746

saturated K (m/s) 1.6xlO'

p, 1/rm 0.0054

bG m/s 1.671

SI 0.121

Note: jg and bwG are van Genuchten parameters and S. is the residual saturation
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Table 7-3. Summary of base-case hydraulic and transport parameters for the matrix
and fractures in the saturated zone.

Unit Selected Parameters Wilson et al. (1994)

BFw

porosity

bulk density (kg/in3 ) 2260

saturated K (m/s)

radius of matrix block (m)

Fracture

porosity

saturated K (m/s)

Transport

mean horizontal velocity
(m/yr)

long. dispersivity (m)

trans. dispersivity (m)

0.165

4.9xlO710

0.75

1.55x10

I.MVIY

100

20

5
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7.3 Description of the Nodes In the Hydrologic Model

The conceptualization involves one node in the logic tree. This node accounts for
uncertainty in the extent to which focusing controls the distribution of wet/dry zone
percolation rates in the unsaturated zone. Presently, two conditions are represented
namely; (1) modest focusing leading to percolation fluxes in the wet zones that are 3x
higher than the dry zone, and (2) strong focusing leading to percolation fluxes in wet
zones that are 15x higher than dry zones.

In these cases, the matrix and fractures are modestly to strongly coupled. As the extent
of focusing increases from branch 1 to branch 2, percolation fluxes through the wet
zones increase leading to much smaller residence times. In effect, this case represents a
situation where localized conditions promote short residence times in the UZ.

7.4 Model Scenario, Assumptions and Processes

A schematic view of the radionuclide waste disposal facility and contaminant
migration pathways simulated by the model is shown in Figure 7-1. The conceptual
modeling framework is similar to that used by Kool et al. (1994) who present a
composite approach for risk assessment that allows for one-dimensional flow and
transport through the unsaturated zone, coupled with a three-dimensional
representation of flow and transport in the saturated zone. The waste facility can be
sub-divided into smaller regions, and each sub-region situated on a different
unsaturated zone column. Time varying infiltration rates, water table depths, and
source concentrations can all vary from one unsaturated zone column to the next. In
this way, the model allows these input variables to vary over the areal extent of the
waste facility. It is assumed that there is no lateral coupling between different
unsaturated zone columns and because isothermal conditions are assumed to exist
throughout the physical system, the energy transport equations are not coupled into the
model. The code could, however, be adapted in the future to allow for time- and
depth-dependent water density and viscosity values as a first-order approximate way
of handling nonisothermal conditions.

Radionuclides leached from the waste facility are advected and dispersed downward
through the unsaturated zone. The unsaturated zone is modeled as a series of
one-dimensional columns which can be represented either as a single-porosity,
single-permeability or a double-porosity, double-permeability continuum to represent
coupled fracture/matrix interactions. For a single-porosity simulation, the physical
properties of the unsaturated zone are taken to be representative of a system of discrete
vertical fractures. Alternatively, for a double-porosity simulation the unsaturated zone
is comprised of vertical fractures which are relatively permeable, and an intervening
porous rock matrix which is much less permeable. The coupling of water pressures
between the matrix and fracture zones can be specified to occur rapidly or slowly,
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allowing for either equilibrium or non-equilibrium dynamic coupling between the
matrix and the fractures. A multiphase (air and water) approach is used to solve for
the pressures, water saturations and water fluxes in both porosity zones and between
the matrix and fracture regions, although the air phase is assumed to be passive in the
context of Richards' equation describing transient unsaturated flow.

The radionuclides can decay into daughter species and form linear decay chains. The
model can accommodate any number of decay chains, and each decay chain can be of
any specified length. As well as being advected, dispersed and subject to radioactive
decay, the radionuclides can adsorb onto fracture walls and the matrix solids. The
sorption parameters for each radionuclide can be different. All physical properties
which control water flow and contaminant transport can vary with depth within each
unsaturated zone column and between one column and the next.

Once the radionuclides reach the water table, they can advect, disperse and decay
within the three-dimensional saturated aquifer. Groundwater flow in the saturated
zone is assumed to be representative of long-term steady-state conditions with the bulk
hydraulic conductivity of the fractured rock mass being assumed to be representative
of an equivalent porous medium which may be anisotropic. The assumption of
steady-state flow was necessary to achieve the high level of computational efficiency
needed for a risk assessment involving hundreds to thousands of scenarios. While the
model currently assumes homogeneity of the rock mass in the saturated zone, the
saturated zone flow and transport properties could be allowed to vary spatially in the
future because the equations are solved numerically, meaning that the properties could
be defined differently for each finite element in the mesh. Transient radionuclide
transport in the saturated zone can be represented either in the context of a single- or a
double-porosity medium. In both cases, the porosity of the mobile zone through
which the groundwater is flowing is represented by the value of the input fracture
porosity. For the double-porosity transport situation, although the rock matrix
(represented as spherical blocks) is assumed to contain immobile groundwater,
radionuclides can diffuse into or out of the matrix which leads to a physical retardation
effect. Dispersive mixing in the flowing groundwater is fully three-dimensional and is
represented in the dassical Fickian context. The radionuclides can sorb onto the solid
material of both porosity zones. The three-dimensional velocity field can either be
specified to be uniform by inputting the three components of the water velocity vector,
or the velocity field can be obtained by solving the saturated groundwater flow
equation. If the flow field is solved for, the model currently allows for one pumping
well (which is assumed to be pumped at a constant rate) to be located within the
aquifer.
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Figure 7-1 Schematic of modeling scenario (after Kool et al, 1994)

7.5Governing Equations

7.5.1 UnsaturatedZone Flow

A multi-phase approach is used to solve the unsaturated flow problem in which the
water is mobile but the air phase is assumed to be passive, which is consistent with the
use of Richards' equation. The model uses a control volume spatial discretization
scheme, and includes the following features:

1. The initial moisture distribution can be specified for each node, or equilibrium
gravity drainage can be assumed. In the current IMARC implementation, the
latter is used.

2. Relative permeability and capillary pressure data are input separately (via
tables) for each rock strata for both the rock matrix and the fractures.

3. A time-dependent infiltration rate at the base of the repository can be specified
and the rates can be different for each repository sub-region. The depth to the
water table can also be varied with time as the model is implemented and used
in IMARC.

4. Absolute permeability and porosity can be specified for both matrix and fracture
nodes. Different fracture spacings can be entered for each node, meaning that
the spacing can be depth-dependent. Tables 7-1 and 7-2 summarize the
unsaturated zone data used in the IMARC simulations.
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5. The unsaturated zone can be modeled as a single-porosity, single-permeability
(fractured) medium, or as a double-porosity, double-permeability
(matrix-fractures) system.

6. For the case of matrix-fracture coupling, the pressures between the fractures and
the adjacent rock matrix can be made to equilibrate either very quickly, or much
more slowly, thus mimicking either equilibrium or non-equilibrium dynamic
coupling. Equilibrium coupling is achieved by specifying an arbitrarily large
absolute permeability between the fractures and the matrix in a direction
orthogonal to the fracture surfaces. The non-equilibrium case is obtained when
the absolute permeability between the fractures and the matrix in this direction
is set equal to the permeability of the rock matrix, which is relatively low
compared to the fracture permeability for the data at hand for Yucca Mountain.
As mentioned earlier, the IMARC implementation includes a node in the logic
tree for either fracture-only flow or for non-equilibrium fracture-matrix coupling
in the unsaturated zone.

Assuming the usual form for the unsaturated-saturated flow equation:

da t (0 Sw)=-V*(Vj~iqw (7-1)

where the Darcy flux of the water phase is

V.=-K-A.(V Pw-P.g V D) (7-2)

and where

S, is the water saturation

6 is the porosity

P,, is the water pressure

K is the absolute permeability tensor

A.w = bw ly.

pw is the viscosity of water

pw is the density of water
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km is the relative permeability of water

D is the depth

g is the gravitational acceleration

q. is the source/sink term representing fluid exchange between the fractures
and the rock matrix

The basic form of equations (7-1) and (7-2) are assumed to hold for both the fractures
and the rock matrix. The values of parameters such as porosity and permeability
(matrix versus fracture), the form of the constitutive relations, as well as the pressures
and saturations are, however, different between the fracture and the rock matrix.

The water pressure is related to the air pressure by the capillary pressure P,..according
to

P. = P. + P".w (Sw,) (7- 3)

The porosity is given by

= 0, (1 + Cm(P - P.)) (7-4)

where cm is the compressibility of the medium, and 0. is the porosity at P. = P.

Discretized Unsaturated Zone Flow Equations

Equation (7-1) is discretized using a mass conservative, monotone, fully implicit, finite
volume method. The discretized equations have the same form for both matrix and
fractures (see e.g. Forsyth, 1990). If N is the time level, then the discretized equation for
either the fractures or the matrix is of the form:

{ [ S 1]; 0 S.w]N} A

N+1I N+ N+I , Yw

JeIJJ+/ i f VW
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where ly= p,,-pg A, Vj is the volume of node i, and q, are the neighbor nodes for

node i.

Upstream weighting is used for ( p A .) 2 in (7-5), Viz.

( A N+I ( N+1 N+) (7-6)

Equation (7-5) is valid for both the matrix and fractures. If i and j are both matrix
nodes, or both fracture nodes, then

uKy+A1zA (7-7)

where A, the interfacial area between node i and node j, K,+1R is the absolute
permeability, and Az, is the distance between node i and node j.

If node i is a fracture node, and node j is a matrix node, or vice versa, then

Y = 4 K.V;(, +-f + V (7-8)

where Lx, Ly and L. are the fracture spacings in the x-, y- and z-directions.

Equation (7-5) is solved using full Newton iteration, with variable substitution, using
either Pa or So as the primary variable (see Forsyth et al., 1995). This method has
proved to be very reliable for dual-porosity, dual-permeability systems. For the case of
fracture-matrix coupling, there exist two unknowns at each node (pressures or
saturations in both fractures and matrix) which are solved for simultaneously in a fully-
coupled fashion.
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7.5.2 Unsaturated Zone Transport

The transient, unsaturated zone, advective-dispersive transport equations are solved
using the same finite volume technique which was used to solve the unsaturated zone
flow equations. Mass transfer between the fractures and the rock matrix is
accommodated by including an advective-dispersive flux between matrix nodes and
the adjacent fracture nodes. Equilibrium radionuclide sorption is assumed to be
consistent with a linear Freundlich isotherm approach. The time varying source
concentrations for each species at the repository level is passed to the unsaturated
transport model and used as the top boundary condition. The concentrations are set to
zero for the initial condition. The model outputs either the breakthrough curve or the
solute flux history at the water table for each species in all the unsaturated columns.

Summariing, the unsaturated zone transport model includes the following feature as
implemented in the current version of DMARC:

1. Initial concentrations are set to zero for each species.

2. Source concentration histories for each species can vary with time.

3. Each species is allowed to have a different decay parameter, and ingrowth of
daughter products via chain decay is accounted for.

4. Equilibrium sorption is represented using a linear Freundlich isotherm
approach, and the sorption parameter Kd for each species can vary with depth
through the unsaturated zone and between matrix and fracture nodes.

5. For the case of non-equilibrium fracture-matrix coupling, nuclides can
diffuse into or out of the rock matrix and, in addition, an advective exchange of
mass between the fractures and the rock matrix is accounted for if the fluid
exchange rate is non-zero.

With this conceptual model (see Kool et al., 1994), the conservation of species a is
expressed by the following mass balance equation:

d~~~~~~
I (6 Sw+PK) Ca = V -{ VwCa0 SwDaV Ca)

+ 0 Sw { Rp(6)2tp(,) P. - RA. C.} qO C* ± G, (7-9)

as=12,,... 9NI
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and where C. is the concentration of species a

Pa is the concentration of parent of species a

D. is the dispersion/diffusion tensor of species a

Xa is the decay constant for species a

pX) is the decay constant for parent of species a

Pb is the bulk density of matrix or fracture surface density of fractures

KCd is the linear sorption coefficient for species a

R.=I + P8 S.

9 is the Darcy flux crossing an external boundary

C: = Ca if qu is exiting the unsaturated zone

C: = C: if q' is entering the unsaturated zone

Ga is the mass flux between the fractures and the rock matrix

C' is the time varying source concentration in the repository.

As was the case for the flow equation, a transport equation analogous to (7-9) is written
for both the fractures and the rock matrix in which fracture-matrix coupling is assumed
in the context of a dual-porosity, dual-permeability medium.

The transport equation (7-9) assumes that each radionuclide is transported by the
processes of advection, dispersion and diffusion, that sorption onto matrix solids or
fracture walls is according to a linear Freundlich isotherm, and that each species can
decay and produce daughter species in a chain-like fashion. Mass transfer between the
matrix and the fractures is handled by computing the transient advective-dispersive
solute flux between the two different zones at each depth.

Discretized Unsaturated Zone Transport Equations

The governing equations are discretized using a finite volume method. For the case of
a double-porosity, double-permeability system, the unsaturated zone is discretized as a
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two-dimensional grid for both flow and transport, with two horizontally linked control
volumes at each depth to represent the matrix and fracture nodes. The mass transfer
between the two zones is determined by calculating the advective-dispersive flux
between the two adjacent control volumes at each elevation and each time step. If N is
the current time step and i is the control volume under consideration, then the
discretized form of the solute conservation equation for any particular species (i.e.
dropping the a subscripts) for either the fractures or the matrix is:

{[0 S.R C ], [0 SwR CI } s
'At

z CJ+1t2 ( i ) N+l N+1 N+1
= X , ( +1/2, + Yf J t) (7-10)

+( V aP1V4+ D,)N+l ( S.)+Iyl [C )N+112_( C N+112

asps ~ ~ ~ (CJell1

+ ( 0 S)t { ( RpC) p P. Rt A C }N+1121 VI +( C ),q,

The external source term q is given by, qI = ( q )N+ a" the dispersivity of either the

fractures or rock matrix, and Da is the diffusion coefficient. Note that the transport
equations can be solved sequentially for each species in turn, with the parent species
concentrations being known quantities. In equation (7-10),

Y= Au (7-11)

if i and 1 are both matrix or fracture nodes. If node i is a fracture node, and node j is a
matrix

node, or vice versa, then

y =4 V,( 2 +,)(7-12)
LX Ly Z

The velocity used in the dispersion term in equation (7-10) is given by

N+1 IV N+1 N+1l U

= ru( XiW) + 2v'ltI WI Au+ (7-13)

where &.2 is the usual interfacial area for matrix-matrix or fracture-fracture flow.

For
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matrix-fracture flow, then

AU+U2=2 V,( 7L -+ 1 ) (7-14)L Y L,

The concentration used in the source/sink term is

C.)N+hh2 N(c)112 if q,<o
( i =( C )g

= ( C )N if q 1 >O (7-15)

In order to maintain monotonicity, upstream spatial weighting and fully implicit
temporal weighting is used. In order to permit the solution to advance swiftly through
time, an adaptive time-stepping procedure is used for the transient unsaturated flow
and transport problems whereby the value of the time step is increased as the response
of the system slows with time. The advantage of adaptive time-stepping is, however,
compromised if either the infiltration rate at the repository, the radionuclide source
concentrations or the depth to the water table are taken to rapidly vary with time
because the code will select time step values that preserve the details of these input
histories.

7.5.3 Saturated Zone Flow and Transport

The steady-state velocity field in the saturated zone can either be specified by inputting
the three components of a uniform velocity vector or by solving the three-dimensional
form of the steady-state saturated groundwater flow equation. If the velocity field is
computed numerically, the model allows for the optional placement of one receptor
well that is pumped at a constant rate as it is done in IMARC. The flow boundary
conditions used in IMARC are given below. The domain is spatially discretized using
the finite element method, but a modified influence coefficient approach (Therrien and
Sudicky, 1996) has been implemented to mimic a 7-point finite difference operator to
conserve memory and decrease execution time. An automated grid generator ensures
that the finite element grid, consisting of hexahedral brick elements, is sufficiently
resolved near the well to ensure good convergence of the flow solution. Flow is
assumed to occur only in the mobile fracture zone.

The bottom (z = 0) and side (y = 0 and y = YL) boundaries of the aquifer are no flow
boundaries. The downstream boundary (x = XL) is a prescribed head boundary. The
upstream boundary (x = 0) is a specified water flux boundary representing a
background lateral inflow to the saturated zone. The assumed water flux entering this
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boundary is such that the average linear groundwater velocity is 100 m/yr. Finally, the
top boundary (z = ZL) assumes a known water flux enters across the water table. The
net infiltration of water entering across the water table below the repository is
computed by the unsaturated zone flow module as the total time-integrated volume of
water which leaves each unsaturated zone column representing the areal extent of each
repository sub-region divided by the total simulation time. The result is a time
averaged infiltration rate across the water table for each unsaturated zone column
which underlies the repository. The recharge of water entering across the portion of the
water table outside of the repository is specified as a constant given by the space-time
average of the infiltration in each unsaturated-zone column.

The steady-state, saturated groundwater flow equation is given by:

V*(KVh)±Q=o (7-16)

where Q is the source/sink term for water entering or leaving the domain via the well,
h is the total hydraulic head and K is the bulk hydraulic conductivity tensor of the
saturated zone rock mass. The well is represented by superimposing one-dimensional
finite-elements along the location of the well screen in the saturated zone between
depths zbot and ztop and the location (xwell, ywell). The constant pumping rate is
applied to the uppermost node on the well screen which represents the location of the
pump intake. The one-dimensional steady-state flow equation, written along the
direction of the axis of the well screen, has the form (Sudicky et al., 1995):

X r2K.wd .a q + Q 8 (I-I) = 0 (7-17)

where rw is the radius of the well screen

K is the axial hydraulic conductivity of the well screen

hw is the hydraulic head along the well screen

qn I ,r represents the inflow of water along the well screen

Q is the pumping rate applied at elevation I'

and a is the Dirac delta function.

Along the nodes representing the well screen, which are also common to the nodes in
the three-dimensional mesh, the head in the well is assumed to equal the head in the

7-15



A Composite Variably-Saturated Hydrology Modulefor Risk-Based Evaluation of High-Level Waste Repositories

aquifer (h., = h). With this assumption, and the fact that the finite element matrix
contribution from the line elements are added to those from the three-dimensional
elements, qn I r need not be calculated explicitly (Sudicky et aL, 1995). It is also
assumed that K4 in (7-17) can be calculated from the Hagen-Poiseuille relation
K=r,2p~g/8g, for the case of laminar flow. If the pumping rate Q is set to zero, then a
well is not located in the computational domain. Details of the discretized flow
equations will not be provided here. These details and a verification of the numerical
theory can be found in Sudicky et al. (1995).

The three-dimensional form of the transient saturated-zone transport equations for the
mobile (i.e., fracture) and immobile (i.e., rock matrix) zones are solved using the finite
element method to spatially discretize the aquifer. As is the case for the flow problem,
a modified influence coefficient is, however, used to mimic a 7-point finite difference
operator. The grid generator ensures that the mesh is sufficiently resolved under and
near the repository at the water table to ensure good convergence of the transport
solution. Solute mass transfer between the fractures and rock matrix zones is modeled
using a first-order mass transfer approach which accounts for a diffusive mass
exchange between the two regions (Sudicky, 1990). Because water is assumed not to
flow in the immobile zone in the interior of the rock matrix blocks, this region acts as a
contaminant source or sink (depending whether the concentration in the mobile zone is
less than or greater than the concentration in the immobile zone). Solute sorption is
again modeled using a linear Freundlich isotherm approach. The same contaminant
decay rates from the unsaturated zone transport simulation are used for the saturated
zone. The transport equation for each radionuclide can be solved using either the
Laplace Transform Galerkin (LTG) technique or a standard time-stepping method. Use
of the LTG scheme is preferred and is used exclusively in the current version of 1MARC
because the method is less sensitive to grid discretization errors (Sudicky, 1989) and it
has been found to be much more computationally efficient for the problem at hand.

The bottom (z=O), side (y=D and y=YL), and downstream (x=XL) boundaries of the
aquifer are all zero dispersive flux boundaries. The concentrations of all nodes on the
upstream (x=O) boundary are set to zero. The portion of the top (z = ZL) water table
boundary which is not directly beneath the waste repository is assumed to be a type m
(or Cauchy) boundary, where solute-free water enters at the prescribed recharge rate.
If the recharge is assumed to be zero, then this portion of the upper boundary defaults
to a zero dispersive-flux condition.

The boundary conditions for the portion of the water table which lies underneath the
repository are either of type I (Dirichlet) or type III. If a type I boundary condition is
specified, then the unsaturated zone transport module computes the breakthrough
curves for all species at the water table and passes this information to the saturated
zone transport module. These breakthrough curves are used to specify the time
dependent boundary concentrations at the water table beneath the repository. Thus,
with a type I boundary condition, continuity in concentration is assumed at the water
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table between the saturated and unsaturated zones. The breakthrough curves at the
water table may also vary from each unsaturated zone column representing transport
below each repository sub-region. Alternatively, if a type m boundary condition is
specified for the portion of the water table lying below the repository, then the
unsaturated zone transport module computes the solute flux history at the water table
for each unsaturated zone column and passes this information to the saturated zone
transport module. With this boundary condition, the continuity in the solute mass flux
is preserved at the water table between the unsaturated and saturated zones. In the
IMARC implementation, the type Im boundary condition is always used over the entire
water table surface to ensure mass continuity in linking the unsaturated and saturated
zones. If a double-porosity, double-permeability unsaturated zone example is
simulated, then for each unsaturated zone column underlying each of the sub-regions
of the repository the model computes two breakthrough/flux-history curves; one for
the fractures and one for the matrix. The breakthrough data from both the fractures
and the rock matrix must be incorporated into a composite breakthrough/flux-history
curve which is then used as the input into the saturated zone transport module. If a
type I boundary condition is specified at the water table, then a composite
breakthrough curve is computed from the fracture and rock matrix breakthrough
curves by:

c (t) q7f Cf + qua m (7-18)
qf +q.

where the subscripts m andf denote rock matrix and fracture zones, qf is the

volumetric water flow exiting the unsaturated zone from a fracture node at the water

table and q is the flow exiting the unsaturated zone from a matrix node at the water

table. If a type m boundary condition is specified at the water table as it is in IMARC,
then the composite flux-history curve is calculated from:

q*(t) = qf C,+q. C (7-19)

where qc is the total solute flux crossing the water table from the unsaturated zone.

The saturated zone transport model outputs maximum and areally-averaged
concentrations and advective fluxes at the downstream compliance boundary, and in
the well effluent if a well is included in the simulation.

To summarize, the saturated zone flow and transport model includes the following
features:
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1. Uniform velocities can be specified, or the three-dimensional flow field can be
computed by solving the steady-state saturated groundwater flow equation.
The latter option is used in the IMARC implementation.

2. If the flow equation is solved as is the case in IMARC, a pumping well (which
is pumped at a constant rate) can be located in the domain with full accounting
of the hydraulic response of the saturated zone and nuclide capture by the
well.

3. Initial concentrations are set to zero.

4. Each species is allowed to decay at a different rate with full accounting for
daughter-product ingrowth.

5. Sorption of each species is modeled using a linear Freundlich isotherm
approach.

6. Dispersive mixing in three dimensions is accounted for and, because the flow
equation is solved in IMARC, radionuclide advection is also represented as a
thee-dimensional process.

7. The transient diffusion of mass between the mobile (i.e. fractured) and
immobile (i.e. matrix) zones is accounted for using a first-order mass transfer
approach, which handles sorption, decay and daughter-product ingrowth in
the matrix blocks. Matrix diffusion is taken to always occur in the saturated
zone in an IMARC simulation.

With these assumptions, the conservation of species a in the mobile zone is expressed
by the following mass balance equation:

Mobile Zone:

d
at I ORmCa) =-V { IqCa-8C DaO V Cal

+OEn{ Rp(a)mAp(a)Pa-R.m a Ca }) -F.( C.-~Ca ) (7-20)

a = 1, 2,..., N.

where the subscript m denotes the mobile (i.e., fracture) zone, q. is the Darcy flux in

the saturated zone, D,. is the hydrodynamic dispersion coefficient, and C.
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represents the concentration in the rock matrix containing the immobile porewater. The
term containing r. accounts for the transfer of mass between the mobile and immobile
zones. Assuming that the rock matrix blocks are comprised of spheres, then the
diffusive mass transfer coefficient J7 is given by:

r = 1#3i~2 (7-21)
rb

where Da>. is the effective diffusion coefficient of the rock matrix and rb is the radius
of a spherical matrix block.

The remaining symbols correspond to those used in the unsaturated zone transport
section. A similar equation, but without the advective and dispersive flux terms,
describes mass conservation in the immobile zone which is given below.

Immobile Zone:

d
d ty{is m bRaimCa }

Ofm{ Rp(a)bnm)p(a)PU RaimRdi..Ca } +fa( C.7Cu ) (7-22)

a = L 2..., PN,

where the subscript im refers to the immobile (i.e., rock matrix) zone. As mentioned
earlier, the transient transport equation can be solved by either the LTG or a
conventional time-stepping Galerkin procedure. If the LTG method is used, the
Laplace transform of the spatially-discretized nodal concentrations is obtained which,
when the values are inverted numerically, yields the time domain concentration values
at specified output times.

If a pumping well is located in the saturated zone, then a one-dimensional form of the
transient advective-dispersive equation is solved along the axes of the well screen by
superimposing one-dimensional finite elements along the well screen in a manner
analogous to the solution of the flow problemn Sorption onto the well screen is
neglected, however, and radionuclide decay in the well is assumed to be negligible
because solute residence times during upward flow in the well screen to the pumping
node are exceedingly short.

7-19



A Composite Variably-Saturated Hydrology Modulefor Risk-Based Evaluation of High-Level Waste Repositories

The discretized form of the transport equations are presented elsewhere for both the
LTG and time-stepping approaches (see eg. Sudicky, 1989; Therrien and Sudicky, 1996;
Lacombe et al., 1995) and therefore need not be presented here. Although both
numerical solution approaches have been implemented, the LTG scheme is preferred
because it has been found to be much more efficient for long-term (i.e., 106 year)
simulations and it is more resistant to numerical dispersion. The discretized equations
for both flow and transport are solved using an efficient implementation of the
ORTHOMIN-accelerated iterative sparse-matrix solver which only stores and operates
on the nonzero entries in the matrices.

7.6 Verification Examples

7.6.1 Unsaturated Zone Transport

The transport code was verified using the analytical model CMM developed by E.A.
Sudicky and HydroGeoLogic, Inc. under contract to the USEPA. Table 74 displays the
simulation parameters for a verification example in which a non-retarded parent
decays into a retarded non-decaying daughter. Figure 7-2 shows profiles through the
unsaturated zone for this simulation. Results are given in Figure 7-2 at 25 and 75 days,
and it can be seen that there is excellent agreement between the numerical and
analytical results.

Table 74. Unsaturated zone parameters for verification example involving transport
of a two-member decay chain a single-porosity column.

Parameter Value

Darcy flux (m/day) 1.0

water content (OSj) 0.35

parent decay constant (day-) 1.139x104

daughter decay constant (day') 0.0

parent diffusion coefficient (m 2/day) 10'

daughter diffusion coefficient 10'
(m 2/day)

longitudinal dispersivity (m) 0.5

parent retardation factor 1.0

daughter retardation factor 2.0
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Figure 7-2 Concentration profiles for the unsaturated zone verification problems

7.6.2 Saturated Zone Transport

The saturated zone transport model was verified against two analytical models, CMM
which was mentioned above, and a double-porosity solution for a set of parallel
fractures developed by Sudicky and Frind (1982).

The CMM verification example involved the transport of a two-species decay chain
along a one-dimensional single porosity column.o This example was selected to ensure
the saturated zone transport code was correctly handling the decay of the parent
species and the ingrowth of its daughter. The relevant simulation parameters are given
in Table 7-5. The results of the CMM verification simulation are displayed in Figure 7-
3. The results indicate that the numerical model is capable of faithfully reproducing the
analytical results.

The next example consists of transporting a decaying, non-sorbing solute through a
one-dimensional, double-porosity column. This example was chosen to verify that the
code was correctly transferring mass between the mobile and immobile zones. phe
relevant simulation parameters are given in Table 76. The results of the double
porosity verification simulation are displayed in Figure 7-4. The results again indicate
that the numerical model is reproducing the analytical results.
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Table 7-5.
Saturated zone parameters for verification example involving transport of a two-
member decay chain and a single-porosity column.

Parameter Value

Darcy flux (m/day) 10 F

longitudinal dispersivity (m) 1.0

mobile zone porosity 10w

parent decay constant (day1 ) 1.54x10 4

daughter decay constant (day') 0.0

parent diffusion coefficient (m 2 /day) 1.38x104

daughter diffusion coefficient 1.38x1O
(m 2 /day)

parent retardation factor 1.0

daughter retardation factor 1.0

Table 7-6.
Saturated zone parameters for double-porosity verification example.

Parameter Value

Darcy flux (m/day) 104

longitudinal dispersivity (m) 0.1

mobile zone porosity 1iO

immobile zone porosity 102

decay constant (day') 1.54x104

mobile zone diffusion coeff. (i 2 /day) 1.38x104

immobile zone diffusion coeff. 1.38x104

(m 2 /day)

mobile zone retardation factor 1.0

immobile zone retardation factor 1.0
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Figure 7-3 CMM saturated zone verification results
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Figure 7-4 Double porosity saturated zone verification results

7.7 Illustrative Example

In this section, results will be presented which illustrate the migration of the
radionuclides 29pu, 2U and P3 Pa vertically through the unsaturated zone to the water
table and their subsequent lateral transport in the three-dimensional saturated domain
towards the outflow boundary. These radionuclides form the three -member decay
chain:

Plutoniumn =* Uranium 5 =* Protactiniume3

For the sake of simplicity, the effect of sorption will be neglected in both the
unsaturated and saturated zones. The half life of 3Pu is 2.44x104 years, 23 U is 7.10xl10
years and 23Pa is 3.3x10' years. The water table is initially at a depth of 321.5m and the
rock matrix and fracture properties of the unsaturated zone are provided in Tables 7-1
and 7-2. At time t=O, the unsaturated zone is assumed to reflect equilibrium drainage
conditions with respect to water saturation and pressure, and non-equilibrium dynamic
coupling between the fractures and the matrix is assumed. The saturated zone is 8000m
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in length (x-direction), 800m in width (y-direction) and 100Dm in thickness (z-
direction), with symmetry being assumed about y=0 (repository centerline). The
physical properties of the saturated zone are provided in Table 7-3, and the Darcy flux
of water entering the saturated zone at x=0 is such that the average linear groundwater
velocity is 100m/yr at this boundary. The repository footprint is divided into six
discrete sub-regions, each with a half-width of 400m in the y-direction (assuming
symmetry). The x-direction boundaries of the six sub-regions are located as follows:
sub-region 1 between 1000.Om and 1037.5m, sub-region 2 between 1037.5m and 1075m,
sub-region 3 between 1075m and 1712.5m, sub-region 4 between 1712.5m and 2350m,
sub-region 5 between 2350m and 2675m, and sub-region 6 between 21675m and 3000m.
The infiltration rate in each repository sub-region is variable as can be seen in Table 7-7.
The radionuclide source concentration history in each repository sub-region and for
each member of the decay chain in the illustrative example are identical and is shown
in Figure 7-5. A type m boundary condition for transport is applied where solute mass
enters the top of the unsaturated zone from each repository sub-region. A type Im
condition is also used at the water table for the saturated-zone transport problem.
Although the water table depth is not allowed to vary with time in this example and
sorption is neglected, it nevertheless illustrates many of the features and processes
being represented during a full LMARC simulation.

Figure 7-6 illustrates the water pressure and saturation profiles as a function of depth in
the unsaturated zone below sub-region 1 for both the rock matrix and the fractures.
Because the infiltration rate of 25 mm/yr is applied at the top of sub-region 2 between
3000 and 5000 years, with 0.1 mm/yr infiltration otherwise, the infiltrating water
migrates vertically as a slug in both the fractures and the rock matrix. The curves
depicted with a dashed line indicate the profiles for the case when drainage is
occurring (i.e., t>5000 years). The large differences in the pressure and saturation at
each depth between the fractures and the rock matrix reflects the dynamic exchange of
water under the assumption of non-equilibrium coupling. The variability in the water
saturation with depth is also indicative of the different unsaturated hydraulic
properties of the four geologic units (see Tables 7-1 and 7-2). This is particularly
evident in the saturation profiles for the matrix at t=3080 years. It is also clear from
Figure 7-6 that the fractures respond much more quickly to the infiltration event
although they are far from being saturated at the times shown because of imbibition
into the adjacent rock matrix as the slug of water migrates vertically downward.
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Figures 7-7a and 7-7b show the composite breakthrough curves for all three
radionuclides at the water table below repository sub-regions 1 and 2 respectively.
Recall that a composite breakthrough curve is calculated from the individual arrival-
time curves for the fractures and the matrix according to equation (7-19) when the type
III boundary condition is used at the water table for the saturated-zone transport
problem. These two subregions have two distinctly different infiltration histories, with
subregion 1 receiving a relatively large (25 mm/yr) amount of recharge from 3000 to
5000 years followed by a long period of relatively little recharge, while subregion 4 has
a moderate rate of recharge (2 to 8 mm/yr) for the duration of the simulation
(Table 7-7).

Contrary to what one might expect, the peak concetration of radionuclide breaks
through below subregion 2 much earlier than below subregion 1. This can be explained
by the fact that most of the intense recharge in subregion 1 occurs before the start of
non-zero source concentrations. Another interesting feature of these two plots is that
the spread between the peak concentrations for the three radionuclides are much
different in Figure 7-7a than in Figure 7-7b. Because a much longer time has elapsed
for breakthrough in the former case, the much shorter half-lives of 'Pu and '1Pa have
reduced the peak concentrations relative to "U5 . In Figure 7-8, the individual
breakthrough curves at the water table for the fractures and the rock matrix below sub-
region 2 are compared to the composite one formed from them (which serves as the
input to the saturated zone transport module). It is clear from this figure that vertical
transport is more rapid along the fractures than in the matrix when the fracture-matrix
coupling is taken to be a non-equilibrium process. Indeed, at early time, the total mass
arriving at the water table is dominated by fracture flow (ie. composite curve follows
fracture curve), while at later time, the matrix contributes more significantly to the
composite curve.

Results shown in Figure 7-9a depict the '3 U plume in the saturated zone at t=60,000
years over a one-order-of-magnitude range in concentrations. The vertical cross section
through the plume along its centerline indicates that the bulk of the 'U is confined to
about the upper 600m of the saturated zone, and that some mass has already exited
across the outflow (left) boundary after 60,000 years. The variability in the 'U input
concentrations from one repository sub-region to the next is evident at the water table
between horizontal distances of x=1400m and 3000m. This variability is more clearly
illustrated in Figure 7-9b which is a plan-view snapshot of the plume at t=60,000 years.
In the horizontal transverse direction, the bulk of the plume occurs between y=Om and
y=500m. On the basis of these results, use of a saturated-zone thickness equal to 100lm
and a half-width of 800m (assuming symmetry) would appear to be adequate to avoid
boundary effects. The effect of recharge can clearly be seen in Figure 7-9a by the
wedge of less contaminated water formed on top of the plume downstream from the
repository.
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The maximum concentrations of the three radionuclides arriving at the saturated-zone
outflow boundary at x=8000m are shown in Figure 7-10. Two distinct peaks occur in
the MU curve because of the "early-time" release of mass from repository sub-regions 2,
4 and 6 and the "late-time" release from sub-regions 1, 3 and 5. By comparing the peak
input concentrations at the repository level given in Figure 7-6 with those shown in
Figure 7-10, it can be seen that the maximum values have been attenuated by a factor
on the order of 10 for this example problem. The primary causes of this attenuation
effect are longitudinal and transverse dispersion in the saturated zone (including the
dilution effect of solute-free recharge entering the saturated zone from outside the
repository footprint) and the transient exchange of the radionuclides between the
fractures and the rock matrix (i.e., matrix diffusion).

Of the dispersion that occurs in the saturated zone, the transverse value is of greatest
importance with regard to peak concentrations and plume configuration in a three-
dimensional context. In order to investigate the effect of transverse mixing on the
maximum concentrations arriving at the outflow boundary at x=8000m, the simulation
was repeated with the value of the transverse dispersivity reduced from the base-case
value of 5m to 2m. The results are shown in Figure 7-11 for the radionuclide "U. It can
be seen that the peak concentration increases by about a factor of 1.5 when the
transverse dispersivity is decreased from the base-case value. At this point it is also
worth pointing out that the total mass of "Tc that crosses the entire outflow boundary
at x=8000m is equal for both transverse dispersivity values, and the quantity that exits
is equal to the cumulative mass release from the entire repository footprint.

To this point, the effect of including a pumping well in the saturated zone
downgradient of the repository has not been discussed for the example at hand. In
Figure 7-12, results are provided when a single pumping well is located along the
plume centerline (y=O) at x=7000m (4000m from the downgradient edge of the
repository footprint). The screened interval in the saturated zone is from z=900m to
z=950m which corresponds to a depth interval which intersect the upper portion of the
contaminant plume under zero-pumping conditions (see Figure 7-9a). It can be seen
that the concentration of 'U at the outflow boundary is only slightly decreased when
the pumping rate is increased from 0 m 3 /day to 64 m 3/day. Also the peak concentration
in the effluent is not significantly different from that arriving at the outflow boundary
under the zero-pumping condition. This is primarily because the plume that develops
in the saturated zone for the cases at hand (with or without pumping) are relatively
thick compared to the screened interval, are broad in the y direction, and the
concentration gradients that develop some two or three kilometres downgradient from
the repository footprint are low.
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Table 7-7.
Infiltration values (mm/yr) in each repository sub-region for illustrative example.

Time (years) 1 2 3 4 5 6

0- 1000 0.1 9.8 0.1 3.7 0.1 4.5

1000- 3000 0.1 9.8 25.0 3.7 0.1 4.5

3000- 5000 25.0 9.8 0.1 3.7 0.1 4.5

5000 - 10000 0.1 9.8 0.1 3.7 0.1 4.5

10000- 25000 0.1 6.9 0.1 2.6 0.1 3.2

25000- 50000 0.1 7.9 0.1 7.9 0.1 7.9

50000- 65013 0.1 8.9 0.1 8.9 0.1 8.9

65013- 90000 0.1 7.9 0.1 7.9 0.1 7.9

90000 - 100000 0.1 3.8 0.1 3.8 0.1 3.8

100000- 10' 0.1 8.0 0.1 8.0 0.1 8.0
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8
THE SATURATED ZONE: ASSESSMENT OF WATER

TABLE CHANGE AND REGIONAL FLOW (FRANKLIN

SCHWARTZ)

8.1 A Reexamination Of Climate-Related Changes In The Water-Table
Configuration

8.1.1 Introduction

Continuing analyses with the IMARC code have indicated that nuclide releases are
sensitive to increases in the height of the water table above present day levels (McGuire
et al., 1992). Our previous view of the potential for future water-table changes was that
under future pluvial climates, increases of between 60 and 130 m were likely. Further,
a low probability case of a 230 meter rise, essentially flooding the repository, was also
included. At the time, the rationale for including this admittedly extreme event was
analyze how the repository might perform under flooded conditions.

Since our original study was completed, there has been sufficient new work to warrant
revisiting the question of future water-table rise. Further, a critical issue is whether
there is any justification for retaining the case of a repository flooded by ground water.
Analyses with IMARC generally indicate that repository performance can be driven by
the low probability case of a flooded repository.

81.2 Present Water-Table Configuration

The description of the present-day configuration of the water table has been refined
through continuing measurements, and the addition of new wells. Figures 8-1 and 8-2
show the current water table elevations in the vicinity of the proposed repository
Generally, the pattern is similar to that described in a variety of previous works.
Southeast of the proposed repository, Figure 8-2 shows the gradient on the water table
is small with a large hydraulic gradient occurring north and west. Trends in water-
level change have been identified in some wells (Ervin et al., 1993a).

However, water-levels may simply be re-equilibrating following installation of the
well.
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Figure 8-2 Potentiometric surface and flow tubes in the vicinity of Yucca Mountain.

8.1.3 Water Table Behavior In the Past

The extent of future water-table rises is established by examining the behavior of
water-levels in the past. A variety of proxy data are used for this historical analysis
including field manifestations of previous spring discharges, patterns of mineralogical
alteration in the rocks, and paleodlimate reconstructions from isotopic measurements
and preserved organic matter. These field observations are also supported by
hydraulic analyses using models.

A starting point for an examination of water levels is the distribution of spring deposits
in the vicinity of Yucca Mountain. During the Pliocene between 2.1 and 3.2 m.y. ago, it
appears that climates were much wetter than present and probably cooler (Hay et al.,
1986). Evidence for this is the widespread evidence of playas, marshlands, and ponds
in the Amargosa Desert. Springs were more widespread with much greater discharges
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as compared to present-day deposits (Hay et al., 1986). This wetter climate was
attributed to the lower elevation of the Sierra Nevadas 3 m.y. ago, which promoted
greater rainfall to the east. Winograd and others (1985) used the depletion of
deuterium in calcites veins to document the long-term development of orographic
barriers along the western margin of the Great Basin.

According to Winograd and Doty (1980)], spring deposits occur at altitudes of up to 790
m. This elevation is approximately 70 m higher than the highest modem water level in
Devils Hole, 719 m (DOE, 1988).

The Lathrop Wells diatomite is the closest spring deposit to Yucca Mountain. Quade
and others (1995) suggest that its presence points to water levels in the valley fill
aquifer that were about 115 m higher than present. There are no exact dates for this
deposit, but parts of these deposits are of Pleistocene age. Quade and others (1995),
however, believe that these deposits are not Late Wisconsin in age (the most recent
glacial), but formed during an earlier glacial cycle.

This interpretation is line with conclusions of Spaulding (1994). Based on evidence of
packrat middens from Fortymile Canyon, he suggests that from the Late Wisconsin to
the present that the water table rise was less than 30 m. The climate during the last
glacial cycle appears to have been "cold and dry". The term dry points to rainfall less
than 40% greater than present. Early or early-Middle Wisconsin (ca. 73,000 to 47,000
B.P.) climates promoted a much more significant rise (75 to 95 m) in the water table.

These values are all larger than estimates obtained by Szabo and others (1994) based on
an analysis of Brown's Room, an air-filled chamber of Devil's Hole. Their data indicate
that between 50,000 to 120,000 yr B.P. water levels in the Lower Carbonate aquifer were
approximately 6 m higher than the present water table. Levels fluctuated between 5 m
to 9 m in the period 20,000 to 44,000 years B.P. While the source of this apparent
contradiction remains unresolved, it confirms a somewhat modest water-table response
over the last 120,000 years.

Investigators have utilized various geochemical and mineralogical data from Yucca
Mountain to infer the extent of water-table adjustments. Unlike the midden and spring
data, it is not possible to place these observations within a time context. Thus, while
higher water-table elevations were evident in the past, it is not clear when they
occurred. The 8 7Sr/86 Sr ratios in calcite exhibit a significant change about 100 m above
the water table (Figure 8-3). Peterman et al. (1992) suggest that this pattern may
indicate a water-level increase of 100 m in the past or upward diffusion of Ca and Sr.
Levy (1991) used the distribution of vitric and zeolitic tuff to suggest a maximum
historical rise in 87 Sr/8 6 Sr the water table of about 60 m.
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the surface for each drill hole (from Peterman et al., 1992).

Other inferences of water-table rise come from model studies. Studies by Czarneki
(1985) showed that a 100 percent increase in precipitation would lead to a maximum
rise of 130 m in the water table at the repository. Such an increase in precipitation is in
line with reconstructions based on reconstructed paleoclimate data. A more recent
regional modeling study was undertaken by M.P. Ahola of the Center for Nuclear
Waste Regulatory Analyses (1994). This preliminary study involved the sequential
application of a large-scale and complimentary small-scale ground-water, flow models.
The study examined future climate effects by (i) increasing the recharge at higher
elevations by factors between 10 to 30 times present values, (ii) increasing the recharge
at Fortymile Wash by a factor of 10, and (iii) increasing water levels in the discharge
area. Widespread increases in recharge at higher elevations (case i, above) by itself
resulted in a water-table rise of 50 to 125 m.

These studies all point to a maximum water-table rise of approximately 120 m as a
consequence of glacial climates. This thinking appears accurately reflected in the
published estimates of water-table rise in TSPA (Wilson et al., 1994) with a mean of 85
m, and in Center for Nuclear Waste Regulatory Analyses (1994) with a maximum of
about 100 m. However, these estimates do not account for Spaulding's (1994) analysis
that suggests that some glacial maxima were not as wet as others.

8.1.4 Description of the Node

The node in the logic tree representing the change in water-table elevation as a
consequence of changing climate is shown in Table 8-1. Values are provided for five
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future climates including: Greenhouse conditions, 1/3 full glacial maximum (FGM),
2/3 FGM, FGM, and interglacial. The estimates are based on three possible conditions
of maximum water-table rise, 120 m, 95 m, and 30 m, that correspond to FGM.
Assuming that rise is linear and proportional to the infiltration rates for the various
future climates, estimate of the rise for the other future climates are obtained through
interpolation. The three branches of the node reflect the inherent variability that would
likely accompany these future climates. For example, the FGM could be "dry" and lead
to minimal changes. This condition likely was evident during the last glacial cycle.

The probability values are degree of belief that water-level changes related to the FGM
would be most likely less than 100 m. There appear to be only two glacial cydes for
which data on water table rise are available. Thus, more rigorous estimates of
probabilities are not available. The choice again reflects our belief that the analyses
represent maximum values and that somewhat smaller rises are more likely.

Table 8-1.
Estimates of water-table rise under various climatic regimes

Climatic Regime net infiltration water table (meters)

(mm/yr) High Medium Low

[0.10] [0.45] [0.45]

Interglacial 1.2 0 0 0

Greenhouse 1.7 34 28 10

1/3 FGM 2.5 87 70 22

2/3 FGM 2.8 106 85 27

FGM 3.0 120 95 30

8.2. Regional-Scale Ground Water Assessment

8.2.1 Introduction

The goal of this section is to elucidate the pattern of contaminant migration likely to
develop at Yucca Mountain once radionuclides enter the regional ground-water flow
system. Of particular interest in this respect is evaluating the potential for
concentration reductions as a consequence of transport from the accessible environment
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to the most important points of use 15 ]km to 25 km further south. This analysis is
carried out under the present-day climate, and a typical climate likely to develop
during future glacial cycles.

Clearly, understanding the pattern of contaminant migration likely to develop requires
a broad assessment of the elements of the hydrogeologic setting, and the important
controlling factors. This section, thus, explores how topography, surface-water climate,
and other factors work to control ground-water flow and contaminant transport.
Information on water-level changes discussed earlier will also be integrated into the
overview. Finally, this section evaluates how features of the ground-water setting
likely have contributed to the present-day patterns of ground-water development.

8.2.2 Topography

The patterns flow of surface water and ground-water in the vicinity of Yucca Mountain
is intimately related to features of the topographic setting. Figure 8-4 is a map of the
topography of the region around Yucca Mountain. It was constructed by combining
the hypsography layers of nine 1:100 000 scale USGS contour maps. The hypsography
layers were in Digital Line Graph (DLG) format. These data were imported into
Arc/Info and joined together to form a line coverage of the topography. The original
DLG hypsography layers were in Universal Transverse Mercator (UTM) coordinate
systems. The Arc/Info contour-line coverage is projected into a Geographic
Longitude/Latitude coordinate system. The location of the proposed repository is
shown together with key labeled contour lines. The areas of rapidly changing
elevations are indicated by zones of dark shading where the contour lines are bunched
together.

Much of the discussion in this section will be concerned with conditions in the valley
bottoms. East of the proposed repository, in the vicinity of Fortymile Wash and Jackass
Flats, the ground surface slopes southward toward the Amargosa Desert with a
gradient of about 1 m per 100 m. Within the Amargosa Desert, the regional slope is
considerably less (Figure 84).
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Figure 8-4 Topographic map of the region around Yucca Mountain
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8.2.3 Surface-Water System

8.2.3.1 Present-Day Conditions

At present, no perennial streams occur in the vicinity of Yucca Mountain. There are
many stream channels that carry water for a limited time following significant storm
events. Figure 8-5 illustrates the most important ephemeral streams in the vicinity of
Yucca Mountain. The eastern slopes of Yucca Mountain drain are drained by Yucca
Wash, Drill Hole Wash, which join Fortymile Wash (Figure 8-5). Unnamed tributaries
drain the western and southern slopes of Yucca Mountain to the Amargosa River. The
northern slope of Yucca Mountain (not shown) drains to Beatty Wash and ultimately
the Amnargosa River.

To aid in understanding the geometry of the surface-water network on a larger scale,
the regional channel network and topography are combined in Figure 8-6. The stream-
network data were obtained from the hydrography layers of the same nine 1:100 000
USGS maps. Again the DLG hydrography layer is imported into an Arc/Info coverage
and projected to geographic longitude-latitude coordinate systems. The resulting
stream-network coverage is overlaid with the topographic coverage to create Figure 8-
6. The location of stream gauging stations were added to the overlay as a separate
coverage that contains the coordinate of each gauging station.

In the vicinity of Yucca Mountain note how the Fortynille Wash forms a distributary
channel network as the channel gradient declines entering the Amargosa Valley. The
channels of the Amargosa River trend south-east and eventually enter Death Valley.

Character of the Strearnflow

Except for a few reaches along the lower part of the Amargosa River, flow only occurs
in the streams following major precipitation events. Shown in Figure 8-7 are
hydrographs for 2 sites. These records indicate that recurrence intervals for storm flow
may be on the order of years. However, the available record has been limited given
that the surface-water resources are meager in the region (DOE, 1988).

The available records indicate that a few very large flows have been recorded in
washes. One large winter storm over the upper Amargosa River in February 1969
produced a peak flow of 453 m 3 /s near Beatty. DOE (1988) indicates that peak
discharges per unit area of approximately 0.34 (m 3/s)/km2 are possible in the region. It
is not likely that these rare flows contribute significantly to regional ground-water
recharge under present-day climatic conditions.
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Figure 8-5 Map of the stream-channel network in the vicinity of Yucca Mountain
(modified from DOE, 1988)
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8.2.3.2 Surface Waters Under Wetter Climate

Any analysis of the performance of the proposed repository needs to account for a
likely return to pluvial conditions in the future. The pluvial climate is generally
considered to be wetter and cooler than present, and as a consequence water supplies
will be more abundant. In this section, we examine the likely character of surface-
water systems based on indications of from the geological record during wetter
conditions in the past.

Pliocene, Pleistocene and Quaternary

There are indications of surface-water conditions in the geologic past that are markedly
different than present. Pliocene fill deposits deposited 2.4 to 3.2 million years ago
indicated the presence of marshlands and ponds, due mainly to the discharge of
ground water (Hay et al., 1996). These deposits occur in the east-central part of the
Amargosa Desert at elevations 70 m higher than the present springs in Devil's Hole. A
wetter climate with higher ground-water levels helps to explain the distribution of
these deposits. However, the elevation of these deposits may also related to a rising
land surface (DOE, 1988). The important question, however, is whether wetter
conditions existing several million years ago are likely to reappear.

There is isotopic evidence in the geological record (Winograd et al., 1985) to suggest
that since the late Pliocene this part of Nevada is becoming increasingly arid. Fluid
inclusions from calcitic indicate a decrease in AD of approximately 40 per mil since the
late Pliocene. Winograd et al. (Winograd et al., 1985) interpret this isotopic change an
orographic effect related to continuing rise of the Sierra Nevada. Through time then,
there has been a progressive depletion in the moisture and deuterium from Pacific
storms (Winograd et al., 1985). Thus, one would expect that the possibility of
reversions to Pliocene conditions would be unlikely, although there is evidence for
significant variability in precipitation on this trend toward increasing aridity.

A case in point is the changing climates associated with the cycles of glaciation in the
Quaternary. As indicated earlier in the report, during the full glacial maximum mean
annual temperatures were lower, and the total precipitation over the year was larger.

A variety of evidence suggests that strearnflow in the past was more persistent than
present. For example, Spaulding (1994) discusses the hydrologic implications of data
for packrat middens collected along Fortymile Canyon, north of Yucca Mountain.
Middle Wisconsin samples from FMC-7 (ca. 47,000 B.P.) provide unequivocal evidence
of perennial water, either as strearnflow in Fortymile Canyon, or spring discharge
(Spaulding, 1994). Either interpretation points to water tables up to 95 m higher at this
location during the Middle Wisconsin.
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Other middens from Fortymile Canyon are Late Wisconsin to early Holocene in age (ca.
22,000 to 9,000 BP). They provide little evidence to suggest that perennial water was
available, or that water tables were elevated significantly during the last glacial
maximum. These data are in keeping with previous climatic reconstructions pointing
to a relatively dry and cold environment (Spaulding, 1985).

Claassen (1983) reported the results of a detailed geochemical investigation of the
Amargosa Desert. This work indicated that ground water being pumped at the present
time from the Amargosa Desert was recharged in the Early Holocene just after the
FGM). The youngest ground water was extracted at locations coinciding with the
approximate present position of the Amargosa River, and the lower end of Fortymile
Canyon. Claassen concluded the flood waters moving along the lower reaches of
Fortymile Canyon, in particular, were effective in promoting ground-water recharge.

It is likely that during the Middle and Late Wisconsin that streams flowed much more
frequently than present. These flows provided significant ground-water recharge.
Nevertheless, Spaulding's (1994) data suggest that the most recent FGM was more arid
than the Middle Wisconsin and that streamflow was likely ephemeral. Channel reaches
along the lower reaches of the Amargosa River would likely receive ground-water
discharge because of the increased ground-water levels.

During future glacial events that surface water will likely constitute a usable resource
during winter months. However, ground water will still provide the only reliable
water supplies for domestic consumption and irrigation. We surmise that surface
water might constitute about 10% of the total supply or lx1O' m 3/yr for the region.

8.2.4 Groundwater Conditions

8.2.4. 1 Prncipal Aquifers

The hydrogeologic setting of the Yucca Mountain is discussed in detail in DOE (1988)
and NRC (1995). On a regional scale, there are three important aquifers. The valley fill
aquifer is of Tertiary and Quaternary age and consists mainly of alluvial-fan, fluvial,
and lake deposits. This unit reaches great thicknesses along Fortymile Wash and across
the Amargosa Desert. In the vicinity of Yucca Mountain, the depth to water is such that
this unit is unsaturated. Beneath much of the Amargosa Desert, however, this unit is
saturated and a productive aquifer. Most water wells are completed in this unit and
will yield several hundred gallons of water per minute.

The volcanic rock aquifer consists of fractured tuffs, such as those found in the
saturated zone at Yucca Mountain. When wells are completed within the most
fractured zones, they are usually productive. In the valley east of Yucca Mountain,
deep wells completed in this aquifer supply NTS operations.
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The Lower carbonate aquifer comprises a sequence of carbonate rocks that range in age
from Middle Cambrian through Devonian. This aquifer is thick and laterally extensive.
It typically underlies the valley fill and volcanic rock aquifers. The lower carbonate
aquifer is often fractured and usually transmissive. This unit controls ground-water
flow on a regional scale and gives rise to the various spring systems of the Amargosa
Desert.

8.2.4.2 Present-Day Conditions

Local and Regional Patterns of Flow

Figure 8-1 illustrates the most recent potentiometric surface map of Yucca Mountain
and vicinity prepared by the United States Geological Survey (Ervin et al., 1993b). It
shows that beneath Yucca Mountain flow is approximately west to east. Most of the
shallow flow occurs in the volcanic rock aquifer. For descriptive purposes, Ervin et al.
(1993b) divide the map area into three distinct regions. Region 1 represents most of the
contoured portion of the mostly lying south-east of Yucca Mountain. There hydraulic
gradients are relatively low, necessitating a 0.25 m contour interval. Region 2 is located
along the west side of Yucca Mountain and is characterized by hydraulic head values
ranging from approximately 775 to 780 meters. The appearance of the potentiometric
surface in this region indicates that flow appears to be impeded by the Solitario Canyon
Fault. Region 3 is located north-north-east of Yucca Mountain and is exemplified by an
apparently large hydraulic gradient. In this region water-levels vary from 738 to 1035
m, possibly as the result of a semi-perched ground-water system.

Figure 8-8 illustrates the subregional potentiometric surface (DOE, 1990) for a large
area extending from Beatty and Yucca Mountain, through the Amargosa Desert to
Franklin Lake Playa. The eastern boundary of this regional system roughly parallels
Fortymile Wash. The distribution of equipotential lines in the vicinity of Yucca
Mountain (Figures 8-2 and 8-8) indicate that west to east flow from Yucca Mountain
turns southward as it joins flow moving parallel to Fortymile Wash. Effectively, flow is
converging in the area of Jackass Flats from the west, north and east (i.e., in the adjacent
ground-water basin). Hypothetical flow tubes from the upland areas, thus, will narrow
considerably as flow converges in Jackass Flats.
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36°30'

Figure 8-8 Subregional potentiometric surface (from DOE, 1990)

In order to assess the potential for the development of ground-water supplies, a map
was prepared that depicts the difference between the ground surface and the regional
potentiometric surface (Figure 8-9). In the immediate vicinity of the repository, the
land surface is greater than 300 m above the water-table. At Jackass Flats, depths to
ground water range from 100 to 300 m. Across, the lowland areas of the Amargosa
Desert water is found below the ground surface at depths ranging from 0 to 100 m.
Discharge conditions occur locally along the lower reaches of the Amargosa River
(Figure 8-9).
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Patterns of Ground-Water Utilization

In general, there is virtually no surface water available in the Yucca Mountain region
except for the few springs along the lower reaches of the Amargosa River Basin (DOE,
1988). Ground-water is generally abundant throughout the region, yet, has not been
developed extensively because of the relatively small populations and limited
development of agriculture. According to DOE (1988), ground water is not used
extensively on the Nevada Test Site. The most significant withdrawals come the town
of Amargosa Valley, and small rural communities. Table 8-2 (from DOE, 1988)
summarizes the suppliers in the community of Amargosa Valley. Table 8-3 (from DOE,
1988) provides an indication of wells drilled in Hydrographic Area 230, which
encompasses the central portion of the Amargosa Desert.

The main impediment to the development of the ground-water supplies is the very
limited present-day recharge. Estimates from (French et al., 1988) indicate that a total
of 3x10' m 3 /yr (21,000 acre-feet per year) is moving beneath the Amargosa Desert. It is
indicated that the ground water is presently in an overdraft situation with
approximately 2.lxlO' m 3/yr discharging to springs, and 1.2x10' m 3 /yr being utilized
from the wells.

For the purpose of the risk assessment, we need to assess the likely pattern of ground-
water utilization under conditions similar to those presently observed. For this
analysis, it is assumed that ground-water supplies could be developed in the area of the
present NTS.
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Table 8-2.
Public water suppliers in the community of Amargosa Valley (from DOE, 1988).

Supplier Type Population Served

American borate Trailer Park Community 300

Amargosa Water Company (IMV) Community 45

Embrey's Trailer Park Community 45

Mountain View Apartments and Shopping Center Community 75

Amargosa Elementary School Single User (a)

Amargosa Senior Citizens' Center Single User (a)

Coach House Bar Single User (a)

Roadside Park 801NY Single User (a)

Water-N-Hole Single User (a)

These wells serve a transient population of at least 25 persons per day

Table 8-3.
Summary of wells drilled in the Amargosa Desert (hydrographic area 230)' according
to defined use.b

Type of User Number of Wells

Domestic 199

Commercial 5

Industrial 3

Irrigation 164

Municipal 5

No data 21

Total 397

'See DOE (1988)

'Tabulated from well logs filed with The Office of The Nevada State Engineer
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In that part of the ground-water basin immediately east of Yucca Mountain, along
Fortymile Wash, relatively limited development of ground water is expected. Wells
tapping ground-water at depths of 250 to 300 m would be expensive and technically
challenging to construct. Beneath much of the Amargosa Desert, ground water occurs
at much shallower depths and is much more accessible. Contamination ultimately
developed from Yucca Mountain is most likely to be captured to a significant extent by
wells 20 to 25 km down valley from Yucca Mountain. TRW (1995) considered the
potential point of use of ground-water containing contaminants to be at Amargosa
Farms, approximately 30 km along the ground-water flow system from the repository
at Yucca Mountain.

Likely Contaminant Distribution

Ground-water flow beneath the general area of Fortymile Wash southward to the
Amargosa Desert would transport contaminants escaping containment at Yucca
Mountain. During transport of approximately 15 to 25 km to the point of use in the
community of Amargosa Valley or farther south in the Amargosa Desert, opportunities
exist for concentration reductions due to dispersion. TRW (1995) conducted an analysis
of the extent of concentration dilution by transport 5 km to 30 km away from the
potential repository. Their analysis indicated that dispersion of the potential plume
resulted in a 7x dilution due to dispersion during transport, and an additional 3x due
to the large-scale mixing of subbasin flows. Subbasin flows represent the large-scale
mixing of ground water from Yucca Mountain with that flowing from the west in the
Amargosa Desert. They conclude that doses calculated at the accessible environment
would be 25x lower at the point of use in the Amargosa Desert.

Our assessment is that the TRW (1995) analysis probably overstates the mixing due to
mixing at the subbasin scale. It is unlikely that mixing of the type proposed could be
accomplished at the subbasinal scale because dispersion is not an effective mixing
process in ground water systems.

Following is our conceptualization of the likely pattern of contamination migration
from dissolved contamination escaping Yucca Mountain. Figure 8-2 is a local
enlargement of the potentiometric surface shown in Figure 8-8. Approximate pathlines
have been added to illustrate how a plume beginning at the repository would travel,
assuming only advection is operating. A significant feature of the flow pattern is the
significant narrowing of the stream tubes converges along the eastern side of the
ground-water basin. For example, the stream-tube passing beneath the repository
decreases in width by a factor of 4 to 5x. Thus, what might start out as a relatively
wide plume at the repository narrows as flow proceeds southward. This feature is
important because transverse dispersion able to reduce concentrations more effectively
in a narrow plume than a wide plume.
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Calculations were carried out with the Domenico-Robbins (1985) model to estimate the
reduction in concentration in a plume migrating from the accessible environment 15 km
and 25 km southward beneath the Amargosa Desert. This model simulates one-
dimensional advection in a uniform flow system, three-dimensional dispersion,
sorption, and first-order kinetic losses. This simplified modeling scheme is justifiable
given the paucity of data for the valley fill aquifer. The particular solution accounts for
a source at the water table, providing only one direction of vertical spreading. By
letting the plume migrate so that the advective front (i.e., vt) is somewhat farther than
25 km, the plume will be at steady-state near the two areas of interest. Table 8-4
summarizes the parameters representing the base-case. As it would to move south, the
plume is assumed to be 800 m wide and 50 m deep. The system is considered to be a
porous medium with flow in the valley fill aquifer. The linear ground-water velocity is
assumed to be 1.7x104 m/s, or 0.15 m/d. Dispersivity values (Table 8-4) are selected so
as to provide minimal dispersion, which is in keeping with results of massively
instrumented tracer tests (Gelhar et al., 1992; Garabedian et al., 1991)).

For the base case, the maximum concentration 15 km from the source is determined to
be 14x smaller than the concentration at the accessible environment. If transport
occurred over 25 km, the source concentration would be reduced by 22x. After 25 km
of transport, the simulations indicate that the plume would be approximately 3.5 km
wide. This determination establishes the plume boundary at 10' of the concentration at
the source.

Additional model trials were undertaken to examine the sensitivities related to the
controlling flow and transport parameters. First, we considered the impact of source
size on dilutions and plume widths. Four different source widths were considered (i.e.,
500 m, 800 m, 1500 m, and 3000 m), while fixing the other parameters to the base-case
values. At 25 km, dilutions of approximately 33x were evident with a source 500 m
wide as compared to 13x when the source was source 3000 m wide. At 15 km the
comparable values are 20x and 10x, respectively (Table 8-5). The predicted dilutions
are also very sensitive to the vertical dimension of the source. Dilutions of
approximately 44x can be achieved at 25 km when the source is small (Table 8-5).
However, when the plume thickness at the source is increased to 200 m dilutions are
modest. Thus, overall the dilution achieved with transport is inversely proportional to
the size of the source. As expected, the plume width also depends upon the source
width (Table 8-5).

8-21



The Saturated Zone: Assessment of Water Table Change and Regional Flow

Table 8-4.
Summary of parameters utilized in the base case simulation.

Parameter Definition Value

C0 Source Concentration 10000

v Linear Ground-Water Velocity 1.7xlO m/s

<CL Longitudinal Dispersivity 20.0 m

°cT Transverse Dispersivities 5.0 m

Rf Retardation Factor 1.0

t/2 Half-Life for Radioactive Decay 1.Ox102 s

Z Source Size - Vertical 50 m

Y Source Size - Horizontal 800 m
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Table 8-5.
Summary results at 15 and 25 km from the edge of the accessible environment where
the source width (Y) and height (Z) were varied.

Source Size (m) Dilution Factor Plume Width (kmn)

at 25 km

15 km 25 km

Z=50m;Y=

500 20 33 3.3

800 14 22 3.5

1500 10 15 4.5

3000 10 13 6.0

Y=800m;Z=

25 28 44 3.0

50 14 22 3.5

100 7 11 3.5

200 4 6 3.8

The extent of dilutions and plume width are also sensitive to the transverse dispersivity
in the horizontal direction. Table 8-6 presents the results of trials in which the base case
value of transverse dispersivity was increased and decreased by a factor of 2. As
expected, the largest dilutions and greatest plume width coincided with the largest
values of transverse (horizontal) dispersivity.
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Table 8-6.
Summary results at 15 and 25 km from the edge of the accessible environment where
the transverse (horizontal) dispersivity was varied.

Transverse Dispersivity (m) Dilution Factor Plume Width (1km)

at 25 km

15 km 25 km

2.5 11 17 3.0

5.0 14 22 3.5

10.0 18 29 4.0

As expected with the simulation model, the extent of dilution and the plume width are
not sensitive to either advective velocity or longitudinal dispersivity.

Our conceptualization is that a plume emanating from Yucca Mountain will be
relatively narrow due to the focusing of flow along the eastern margin of the ground-
water basin. Contaminants would migrate southward with increasing likelihood of
occurring in wells at or south of Amargosa Valley (i.e., 20 to 30 km away from the
repository. It is estimated that dispersion during transport would result dilute the
concentration calculated at the accessible environment by 15x. The plume would be
about 3.5 km wide (Figure 8-10).

Considering the significant data uncertainty, the estimate of dilution factors fall across
a narrow range (i.e., approximately 2x larger or 2x smaller than the estimate). The
relatively modest dilution (15x) reflect our belief that transverse dispersion will not be
particularly effective in mixing. As the analysis for pluvial climates will demonstrate,
the most significant dilution in terms of the water utilization will occur if the plume
moves deeper during transport. Wells removing water might effectively not tap the
most contaminated zone of the plume.

Under present-day climates, the plume would move deeper only under two conditions.
The first possibility would require significant recharge from Fortymile Wash above the
plume. Our present conceptualization is that recharge is not significant, although
information is limited. The second possibility is for the plume to undergo significant
downward migration during the initial transport from the repository. It is not clear
whether such flow conditions exist at the present time.
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Closer to the repository, there is the possibility that the actual direction of plume
migration could be influenced by wells developed in Jackass Flats. We believe,
however, that the development of ground water here would be limited, due the
relatively large depth to the water table. In addition, the plume would initially be close
to Fortynile Wash and, therefore, away from obvious well sites. Additional analyses
will be necessary to establish what pumping is required to capture the plume near the
source.
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Figure 8-10 Map illustrating the likely size and location of a contaminant plume
moving south toward the Amargosa Desert.
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8.2.4.3 Past and Interpreted Future Conditions

Quaternary and Holocene Patterns of Ground Water Flow

Interpretation of patterns of ground-water flow in the past obviously remain
speculative. It is dear from Section 8.1 that water levels in the Quaternary and Early
Holocene were significantly higher than present. However, the overall pattern of flow
was probably similar to present-day conditions with flow out of the area of Fortymile
Wash and Jackass Flats into the Amargosa Desert. Locally, recharge from Fortymile
Canyon and the Amargosa River channel would have promoted flow away and
downward from the channel network.

The question of whether Late Quaternary or early Holocene flow systems discharged in
the vicinity of Yucca Mountain remains equivocal. Spaulding (1994) presents the view
held by most that there is a paucity of spring deposits in the Late Wisconsin and Early
Holocene. This view would hold that modest regional water-levels increases did not
contribute significantly to spring formation. Quade et al. (1994) point to the Lathrop
Wells diatomite as the most obvious spring deposits down the ground-water gradient
from Yucca Mountain. The present stratigraphic position of these deposits implies that
they would have formed with a regional water-table some 115 m higher than present.
Most likely, these deposits were not laid down during the last glacial cycle. The upper
bound on their age, determined from paleontologic arguments, is 1.4 Ma. (Quade et al.,
1995).

Future Ground Water Utilization

Indications are that during previous glacial cycles local recharge has been available to
replenish ground-water supplies. Water-level increases would likely fall in a range
from 35 m to 100 m would mean that the valley fill aquifer would expand further
northward as formerly dry zones were resaturated. Across much of the Amargosa
Desert ground water would be more abundant and found at shallower depths. Water
utilization would likely be greater than present because of the somewhat more
hospitable climate, and the greater availability of water. The distribution of wells
would likely be similar, although resaturation of the drift in the vicinity of Yucca
Mountain would likely promote increased settlement in this area. The most significant
point of use would likely remain in the vicinity of the Amargosa Valley, approximately
15 to 25 km, because of the potential for readily available ground water, and limited
surface-water supplies. As argued above, surface water sources could likely be
exploited to a limited extent during winter months.
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Likely Contaminant Distribution

Although water levels could change appreciably due to a return to a somewhat wetter
climate, the patterns of flow likely would be similar to the present Thus, patterns of
contaminant migration would be as discussed previously generally southward from the
boundary with the accessible environment. In the valley east of Yucca Mountain, the
increased availability of water in the valley fill aquifer would promote the increased
utilization of ground water from this area. However, the probability would remain
relatively small that a well would capture a potential contaminant plume. Again, the
potential plume would be narrow, and located beneath Fortymile Wash. During a
wetter climate, Fortymile Wash would be a zone of active recharge and downward
flow. The shallowest ground water in this area be derived locally and largely
uncontaminated.

The most significant point of use would still likely be at locations 15 to 25 km down
gradient-in the vicinity of the community of Amargosa Valley. Given continuing
recharge along Fortymile Wash the most concentrated portion of the plume would
likely be found at greater depths than would be the case under more arid conditions
and shallow wells would avoid the most contaminated water in the plume. However,
the extensive lateral transport along the valley fill aquifer would provide the
opportunity for vertical mixing due to dispersion. Thus, even relatively shallow wells
would encounter contaminated ground water. However, we expect that such mixing
overall would produce more dilution than was the case with the arid climate.

Scoping calculations were undertaken with the simple transport model to assess the
extent of mass dilutions due to transport from the boundary of the accessible
environment to points of use 15 km and 25 km further south. The parameters for this
calculation are the same as shown Table 8-4. The difference in the calculation from
before are as follows:

* two-directions of vertical dispersive spreading are provided, (as compared to only
one before), and

* it is assumed that wells will encounter water 150 m above the most concentrated
zone along the midline of the plume (in effect, wells collect water from a more
dilute portion of the plume).

These calculations indicate an overall dilution of 30x at 15 km and 46x at 25 km. The
dilutions are increased by a factor of two from the comparable calculations presented
before. This dilution is perhaps less than one might expect because the vertical
dispersivity of 5 m provides for efficient vertical mixing.
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Concluding Comments

TRW (1995) addressed the possibilities for reduction in radionuclide concentrations
due to transport in the regional aquifer system. Subsequent analyses in their report,
however, assumed the point of use at the accessible boundary and no credit was taken
for dilution. Moreover, the TRW analysis did not consider the effect of wetter periods
in the future when the generally increased availability of water should provide for
larger effective dilutions. Our analyses indicate that regional transport of 25 km with
the present-day climate would provide for dilutions of approximately 15x with a
plausible range of uncertainty 2x large or smaller. Under a wetter pluvial climate,
dilutions of 46x might be expected. These estimates are obviously preliminary but
begin to take into account the likely point of use and elements of the hydrogeological
setting.
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9
BIOSPHERE DOSE CALCULATIONS (GRAHAM SMITH)

9.1 Background

One of the major trends in performance assessments for Yucca Mountain in the past few
years has been to calculate individual doses rather than calculations of releases from the
geosphere. Certainly the major reason for doing so has been the legislative requirement
that EPA develop a new performance standard for Yucca Mountain set forth in the Energy
Policy Act [1992]. The Energy Policy Act requested that EPA contract with the National
Academy of Sciences (NAS) to provide technical bases for the new standard. Congress
specifically requested that the NAS, among other things, consider, "whether a health-
based standard based upon doses to individual members of the public ... will provide a
reasonable standard for protection of the health and safety of the general public". The
NAS panel convened in 1993 to develop technical bases for the standard invited
considerable input from the public, as well as EPRI, DOE, and NRC, who are all active in
developing TSPA models.

At that time EPRI and DOE developed an initial approach to calculating individual doses
by assuming the only dose exposure pathway was drinking contaminated groundwater
[EPRI, 1994]. EPRI used concentration-to-dose conversion factors available in the
literature to quantify the individual dose [EPRI, 1994], as did DOE [TRW, 1995]. NRC's
dose model included pathways in addition to just the drinking water pathway [NRC,
1995].

During the course of the NAS panel deliberations it became apparent that the NAS panel
would recommend that EPA adopt a health-based performance standard - probably dose-
based. Indeed, in 1995 the NAS panel did recommend a health-risk-based standard based
upon doses to individuals [NAS, 1995]. They recommended that a variety of exposure
pathways be considered.

EPRI recognized that the new EPA regulations would require a more serious
consideration of the biosphere, the portion of the environment accessible to humans, and
its impact on calculated dose. EPRI initiated work to: develop a process to identify
biosphere Features, Events, and Processes (FEPs) relevant to the estimation of individual
doses; review relevant characteristics of potentially exposed individuals for whom doses
were to be calculated (often termed the "critical group"); conduct a review of the available
biosphere data for a few key radionuclides; and develop a biosphere model. To a large
degree, this work builds on a significant body of international work in biosphere
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modeling, adapting it, where appropriate, to the Yucca Mountain-specific environment.
This work has been completed and has been published separately [EPRI, 1996].

This chapter summarizes the relevant modeling results reported in EPRI [19961. The
reader is referred to the EPRI 11996] report for a more thorough treatment of the biosphere
model development.

9.2 Radionuclides considered

The radionuclides considered and associated decay chains are given in Table 9-1. The
radionuclides have been chosen because they are relevant to long term releases from
HLW repositories. Account also has to be taken of relatively short-lived radioactive
daughters. The criterion adopted was explicit modeling of any daughter with a half-life
greater than 25 days. Their radiological effects, e.g. the dose per unit activity ingestion,
were taken into account by adding them to those of their parents.

9.3 Biosphere Model Assumptions

The following conceptual assumptions were derived from the biosphere FEPs list
developed for Yucca Mountain presented in Section 2 of EPRI [1996]. They are
represented in Figure 9-1. Each of the boxes shown in Figure 9-1 represent a single
compartment in the compartment model used in this work. Transfer processes between
and accumulation in each compartment are modeled.

It was assumed that water is continuously abstracted from a deep well and used for spray
irrigation of crops, watering of livestock, and domestic supply (including drinking water).
Irrigated crops were assumed to become contaminated directly by interception of spray
irrigation water, or through root uptake and soil splash. The latter two processes may
dominate in the longer term if radionuclides accumulate over many years of irrigation.
Similarly, activity levels in animal produce may be dominated by intake in their drinking
water, or by ingestion of contaminated crops and/or ingestion and inhalation of soil.
Contamination in such produce are assumed to be in equilibrium with concentrations in
well water and surface soil. No account has been taken in this model of the accumulation
of abstracted water in a surface impoundment. It is understood that most irrigation water
is applied to crops directly. Details of the physical characteristics of each compartment,
the rates of compartment transfer processes, and the element-specific distribution
coefficients can be found in EPRI [19961.

An important point about the above biosphere model is that it is representative of
conditions that exist in the regions currently used for agriculture. Thus, for the case of
Yucca Mountain, it represents regions such as those around Amargosa Valley -
approximately 25 kilometers downstream from Yucca Mountain. However, limitations in
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our knowledge of flow and transport properties in the saturated zone prevented us from
extending our 3-D flow and transport model of the SZ beyond about 5 km (see Chapters 3
and 7). But conditions supporting agriculture required by the biosphere model do not
exist 5 km downstream from Yucca Mountain. For the biosphere dose model for the total
exposure pathways to be appropriately used, it will be necessary to apply one of the far-
field dilution factors given in Table 8-5 or 8-6. The numbers in these tables convert
contaminant concentrations in the saturated zone of 5 km to concentrations further
downstream where conditions supported by agriculture exist.

Animal & Humian Use

mi on

_WELL UPPER \Erosion
WATER SOIL

f~t Biotuwbation tDiinkage SINK

e Eroson Bloturbdof

Release

LOWER
SOIL /Orainage

Figure 9-1 Biosphere transfer processes considered

9.4 Critical Group Assumptions

For the purposes of the results of the dose calculations presented in this chapter, a
farming "critical group" was considered. A common definition of a critical group is
found in ICRP [1977]: "a group should be representative of those individuals in the
population expected to receive the highest [dose]". The pathways by which the critical
group is exposed are given in Table 9-2; the group's individual consumption rates, and
occupancy and breathing rates are given in Tables 9-3 and 9-4.

Compared to previous assessments, e.g. EPRI 11994], up to date data for values of dose
per unit intake have been used [IAEA, 1994] (Table 9-5). These take account of revisions
to ICRP definitions of dose [ICRP, 1991], and other new recommendations on metabolism
of the various elements. (Recent ICRP sources for values of dose per unit intake, notably
ICRP [1993] and [1995], have not been used since they only give ingestion data and then
only for some of the relevant radionuclides.)

In deriving the above critical group information, the following assumptions have been
made:
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* the critical group consume only local produce derived from contaminated
compartments;

* the components of the critical group's diet and life style are not extreme so
doses received by members of the critical group should be summed across all
relevant exposure pathways.

An alternative to the use of the critical group concept for dose assessments used here is
the concept of an average individual in the local population. This concept is described in
Chapter 10.

9.5 Results

Dose conversion factors (Sv y-1/mol ye-1) for peak total dose (summed over all pathways)
and drinking water dose for unit flux of each radionuclide to the well are presented in
Table 9-6. The factors can be used to convert radionuclide flux (mol y-1) to a well derived
from a groundwater transport code to annual individual doses to members of the
assumed critical group. The conversion factors for a radionuclide includes the
consequences arising from daughter in-growth in the biosphere, but not the consequences
from the separate geosphere release of the daughters.

Care should be taken when analyzing and applying the conversion factors presented in
Table 9-6. It must be remembered that they are only applicable to the biosphere and
critical group described earlier. That is, they should only be applied to radionuclide
concentrations in the groundwater entering the well (which is acting as the transfer agent
between the geosphere and the biosphere). Applying the Table 9-6 values to radionuclide
concentrations in groundwater at locations other than at the well would be inappropriate.

Table 9-7 presents information regarding the top three exposure pathways and the
percentage contribution of each to the peak total dose. These results can be used to
provide feedback concerning significant pathways and hence provide focus to further
consideration of the validity of assumptions.
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Table 9-1
Radionuclides Considered in the Study (from EPRI [1996], Table 5-1)

Parent

Se-79

Nb-94

Tc-99

1-129

Cs-135

Pu-240

U-236

Th-232

Ra-228

Th-228

Np-237

Pa-233

Daughters

U-236 =>Th-232 => Ra-228 =>Th-228

Th-232 => Ra-228 => Th-228

Ra-228 => Th-228

Th-228

Pa-233 => U-233 => Th-229

U-233 => Th-229

U-233

Th-25

Pu-24

U-238

U-234

Th-23(

Ra-22

Pb-21(

Th-229

2 U-238 =>U-234 =>Th-230 =>Ra-226 =>Pb-210 => Po-210

U-234 =>Th-230 =>Ra-226 =>Pb-210 => Po-210

Th-230 =>Ra-226 =>Pb-210 => Po-210

0 Ra-226 =>Pb-210 => Po-210

6 Pb-210 => Po-210

0 Po-210
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Table 9-1
Radionuclides Considered in the Study (from EPRI [19961, Table 51)

Parent Daughters

Po-210

Am-243 Pu-239 => U-235 => Pa-231 => Ac-227

Pu-239 U-235 => Pa-231 => Ac-227

U-235 Pa-231 => Ac-227

Pa-231 Ac-227

Ac-227

Note:

Each radionuclide in a decay chain is modeled explicitly, unless its half-life is less than 25 days. If its half-life
is less than 25 days, it is assumed to be in secular equilibrium with its parent in all biosphere media. The
radiological effect of the radionuclide is added to that of its parent.
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Table 9-2
Critical Group Exposure Pathways (from EPRI
[19961, Table 5-7)

External irradiation from:

soil/sediment V (upper soil)

water V (well water)

Inhalation of:

suspended soil/sediment V (upper soil)

Ingestion of:

cow meat v (1)

cow liver V (1)

cownmik (1)

pig meat v (1)

sheep meat V (1)

chicken meat v (1)

chicken liver v (1)

grain v (1)

root vegetables v (1)

green vegetables v (1)

fruit V (1)

water V (well water)

soil/sediment V (upper soil)

Notes:
Exposure is due to contamination derived from the upper soil and well water compartments.
V Pathway considered (the compartment via which the exposure is assumed to occur is given in
brackets).
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Table 9-3
Critical Group Consumption Rates (from EPRI [19961, Table 5-8)

Foodstuff Consumption Rate
(kg fwy 1 )

Cow:

Meat 15

Liver 5

Milk 100

Pig

Meat 15

Sheep

Meat 15

Chicken

Meat 15

Liver 5

Eggs 15

Grain 60

Root Vegetables 80

Green Vegetables 40

Fruit 46

Water (W y') 0.6

Soil 0.05

Note: fw: fresh weight
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Table 9-5
Dose Conversion factors for Ingestion, Inhalation and External Irradiation
(from EPRI [19961, Table 5-19)

Dose conversion factors (1)

Radionuclide

Se-79

Nb-94 (5)

Tc-99

I-129

Cs-135

Pb-210 (5)

Po-210 (5)

Ra-226

Ra-228

Ac-227

Th-228

Th-229

Th-230

Th-232

Pa-231

Pa-233 (5)

U-233

Ingestion

(Sv Bq') (2)

2.9E-09

1.7E-09

6A4E-10

M.E-07

2.OE-09

8.3E-07

1.2E-06

3.3E-07

2.9E-07

1.21E-06

2.1E-07

1.6E-06

2.2E-07

1.2E-06

M.E-07

8.8E-10

5.OE-8

Inhalation

(Sv Bq t') (2)

M.E-09

4.9E-08

4.1E-09

3.6E-08

6.9E-10

1.2E-06

3.3E-06

7.8E-06

M.E-06

5.6E-04

4.8E-05

3.OE-04

4A4E-05

2.3E-04

M.E-04

3.9E-09

9.5E-06

External irradiation (3)

from Soil from Water

(Sv h-'lBq kg" fw) (Sv h-'/Bq m-)

-(4) 1.6E-16

3.OE-10 6.OE-13

- (4) 2.4E-16

4.9E-13 3.7E-15

- (4) 1.6E-16

7.5E-14 7.OE-16

1.6E-15 3.3E-18

2.4E-10 6.7E-13

1.3E-10 3.4E-13

3.8E-11 1.5E-13

9.1E-11 5.6E-13

2.9E-11 1.3E-13

5.9E-15 1.8E-16

3.1E-15 9.9E-17

1.7E-12 1.1E-14

3.1E-11 7.4E-14

5.1E-15 2.5E-17
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Table 9-5
Dose Conversion factors for Ingestion, Inhalation and External Irradiation
(from EPRI [1996], Table 5-19)

Dose conversion factors (1)

Radionuclide

U-234

U-235

U-236

Ingestion

(Sv Bq') (2)

4.9E-08

4.6E-08

4.6E-08

Inhalation

(Sv Bq') (2)

9.3E-06

8.4E-06

8.6E-06

External irradiation (3)

from Soil from Water

(Sv h'/Bq kg' fw) (Sv h '/Bq m 4 )

3.9E-15 8.8E-17

1.OE-11 6.3E-14

3.2E-15 5.6E-17

U-238

Np-237

Pu-239

4.81E-08

1.11E-07

2.5E-137

8.OE-16

2.31E-05

5.0OE-05

2.61E-12

1.E-11

U.E-15

1.3E-14

8.OE-14

4.3E-17
.

Pu-240

Pu-242

Am-243 (5)

Notes:

2.51E-07

2.4E-07

2.OE-07

5.0OE-05

4.71E-05

4.1E3-05

4.8E3-15

3.8E-15

4.413-12

.

5.51E-17

4.3E-17

1.8E3-14

1.

2.
3.

4.
5.

Values include effects of short-lived daughters not explidtly listed, assuming secular
equilibrium at time of intake or exposure.
All data are taken from IAEA [19941.
All data are taken from Ashton and Sumerling [19881, unless otherwise stated. The
external irradiation dose factor is for exposure lm above a soil contaminated to a depth of
3E-1 m.
- indicates that the dose conversion factor is negligible.
External irradiation dose conversion factors are taken from Eckerman and Ryman [19931.
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Table 9-6
Dose Conversion Factors for Unit Flux to the Well (from EPR1
[19961, Table 5-20)

Radionuclide (1)

Se-79

Nb-94

Tc-99

I-129

Cs-135

Pb-210

Po-210

Ra-226

Ra-228

Ac-227

Th-228

Th-229

Th-230

Th-232

Pa-231

Pa-233

U-233

U-234

U-235

Flux to dose conversion factor (Sv yl/mol y)

Total Dose Drinking Water Dose

7.7E+1 1.3E-2

3.7E+1 2.5E-2

1.7E-2 9.OE-4

1.6E-2 2.1E-3

5.OE-2 2.6E-4

3.OE+5 2.OE+4

3.OE+6 4.OE+5

4.3E+4 6.9E+1

9.9E+4 1.6E+4

1.4E+5 1.6E+4

1.4E+5 2.6E+4

1.7E+4 6.6E+1

2.2E+3 8.6E-1

1.4E-2 2.5E-5

4.1E+3 6.8E+O

2.2E+3 4.4E+2

3.3E+1 9.5E-2

4.9E+0 6.OE-2

2.4E-3 2.OE-5
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Table 9-6
Dose Conversion Factors for Unit Flux to the Well (from EPRI
[1996], Table 5-20)

Radionuclide (1)

U-236

U-238

Np-237

Pu-239

Pu-240

Pu-242

Flux to dose conversion factor (Sv y3/mol y3)

Total Dose Drinking Water Dose

2.OE-2 5.9E-4

1.2E4 3.2E-6

1.5E-1 1.5E-2

6.8E+2 3.1E+O

2.1E+3

4.8E+I

2.01E+3

1.2E+I

1.9E-1

8.2E+OAm-243

Notes

The contribution to dose from the in-growth of daughters in the biosphere is included in the
factor given for the parent.
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Table 9-7
Top Three Exposure Pathways Contributing to Peak Total
Dose (from EPRI [1996], Table 5-21)

Radlonucilde Top Three Exposure
Pathways

Se-79

Nb-94

Tc-99

Cow Liver

Cow Meat

Sheep Meat

(Drinidng Water)

External irradiation from soil

Cow Milk

Cow Meat

(Drinkdng Water)

Fruit

Root Vegetables

Grain

(Drinking Water)

Fruit

Cow Milk

(Drinking Water)

Cow Milk

Cow Meat

Pig Meat

(Drinking Water)

Percentage
Contribution to Peak
Total Dose

71.0

11.7

3.5

(0.02)

88.5

8.6

1.2

(0.1)

29.7

17.4

14.5

(5.33)

39.7

15.8

(13.1)

65.1

11.6

4.1

(0.1)

-

I-129

Cs-135
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Pb-210 Cow Liver 26.8

Cow Kidney 18.2

Pb-210 Cow Milk 17.5

(Drinking Water) (6.9)

Po-210 Chicken Liver 34.1

Fruit 31.9

(Drinking Water) (13.5)

Ra-226 Cow Milk 72.4

Cow Meat 10.9

Cow Liver 6.7

(Drinking Water) (0.2)

Ra-228 Fruit 37.7

Cow Milk 18.1

(Drinking Water) (16.3)

Ac-227 Fruit 30.3

Cow Milk 23.6

(Drinking Water) (0.3)

Th-228 Fruit 46.2

(Drinking Water) 19.2

Root Vegetables 11.0

Th-229 Cow Milk 73.8

Cow Meat 11.1

Cow Liver 4.0

Th-229 (Drinking Water) (0.40)

Th-230 Cow Milk 72.8
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Table 9-7
Top Three Exposure Pathways Contributing to Peak Total
Dose (from EPRI [19961, Table 5-21)

Radlonuclide Top Three Exposure
Pathways

Th-232

Pa-231

Cow Meat

Cow Liver

(Drinldng Water)

Cow Milk

Cow Meat

Cow Liver

(Drinking Water)

Cow Milk

Cow Meat

inhalation of dust

(DrinkIng Water)

Fruit

Drinldng Water

Root Vegetables

Cow Milk

Cow Meat

Cow Liver

(Drinkdng Water)

Percentage
Contribution to Peak
Total Dose

11.0

6.3

(0.04)

72.9

11.0

3.9

(0.2)

69.2

10.4

6.7

(0.2)

52.8

20.5

11.8

74.2

11.2

3.9

(0.3)

Pa-233

U-233

U-234 Cow Milk 67.0
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Table 9-7
Top Three Exposure Pathways Contributing to Peak Total
Dose (from EPRI [19961, Table 5-21)

Radionuclide Top Three Exposure
Pathways

Cow Meat

U-235

U-236

Inhalation of dust

(Drinking Water)

Cow Milk

Cow Meat

Inhalation of dust

(Drinking Water)

Cow Milk

Cow Meat

Fruit

(Drinking Water)

Cow Milk

Inhalation of dust

Cow Meat

(Drinking Water)

Cow Milk

Fruit

Drinking Water

Percentage
Contribution to Peak
Total Dose

10.1

5.8

(1.2)

68.3

10.3

5.7

(0.8)

65.3

9.8

7.4

(2.9)

60.5

10.2

9.1

(2.7)

39.3

27.3

10.6

U-238

U-238

Np-237
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Pu-239 Cow Milk 73.6

Cow Meat 11.0

Pu-239 Cow Liver 4.1

(Drinldng Water) (0.5)

Pu-240 Cow Milk 73.2

Cow Meat 11.0

Cow Liver 4.1

(Drinking Water) (0.6)

Pu-242 Cow Milk 70.2

Cow Meat 10.5

Inhalation of dust 8.5

(Drinkdng Water) (0.4)

Am-243 Cow Milk 73.6

Cow Meat 11.1

Cow Liver 4.1

(Drinking Water) (0.4)
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10
THE "AVERAGE INDIVIDUAL" CONCEPT AS AN

ALTERNATIVE PERFORMANCE MEASURE (JOHN

KESSLER)

10.1 Introduction

The purpose of this chapter is to propose an alternative to the average individual in a
critical group used as the basis for the dose calculations in Chapter 9. These initial
calculations will provide a framework for assessing the strengths and weaknesses of
health risk to an average individual as a performance measure.

It is important to remember that the goal of dose assessments is to provide indicators of
future performance so the regulators can make a responsible decision regarding
reasonable assurance of public health and safety. It is neither possible nor necessary to
predict the future with complete accuracy. To satisfy the regulatory goal, it should be
sufficient and appropriate to demonstrate protection assuming that the circumstances
of the future society are similar to those present today, since consideration of alternate
futures could lead to open-ended speculation-none of which would be less arbitrary.
To accomplish such a demonstration it seems appropriate to consider a variety of
circumstances for the future biosphere in the vicinity of the site rather than just a single
set of highly unlikely circumstances.

The Section begins with a discussion of alternative assessment philosophies (Section
10.2). This has been drawn substantially from work carried on within the BIOMOVS II
project [BIOMOVS, 1996].

10.2 Development of a Self-Consistent Assessment Philosophy

In broad terms, the objective of biosphere modeling in TSPA is to provide the capability
to make quantitative assessments of future health impacts due to deep geologic
disposal of solid radioactive wastes. Perhaps the most significant components of the
biosphere are those involving humans. Certainly human physiology must be
considered when estimating the health impact due to the direct inhalation or ingestion
of various contaminants. More significantly, human behavior plays a major role in
shaping the biosphere itself. Depending on individual and societal behaviors and
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levels of technology, the biosphere modeler may need to consider a wide variety of
potential exposure pathways.

Since potential release of radionuclides from the geosphere into the biosphere is not
anticipated to occur any time in the near future, human behavior, society, and perhaps
even human physiology will be markedly different from what it is today. For example,
it is impossible to know for certain whether anyone will be living in the vicinity of the
repository at the time of the release to the biosphere. Yet the biosphere model
described in Chapter 9 assumes a self-sustaining agricultural community is always
present. Assuming people do live in the vicinity, it is also impossible to know what
they may be doing and what their physical characteristics will be. Neither can we
know the details of the specific biosphere pathways which result in exposure.
However, it is necessary to be able to quantitatively define both the relevant human
characteristics and exposure pathways to some degree before it is possible to
quantitatively assess potential health effects to these hypothetical individuals.

Repository performance assessments are commonly carried out in order to demonstrate
compliance with dose limits. Based on the arguments presented above related to the
inability to accurately know future conditions, it is important to keep in mind that
quantitative compliance calculations are based on stylized scenarios of assumed future
conditions. They do not predict the future.

The group of people for whom dose assessments are commonly carried out has been
termed the "critical group". The concept of a critical group has been developed in
radiological protection over many years. It is not obvious who first coined the term
critical group. The International Commission on Radiological Protection (ICRP) used
the term in ICRP 26 published in 1977 [ICRP, 19771, which is probably far back enough
to be a suitable starting point for discussion here. The basis for limitation of individual
exposures was the quantity weighted mean whole body dose equivalent.

Radiation exposure may arise through three main exposure modes: ingestion,
inhalation and external irradiation. For each of these exposure modes there is a large
number of actual or potential exposure pathways: e.g., ingestion of different types of
food, or ingestion of dirt; inhalation of air or dusts generated in different
circumstances; and external irradiation from ground surfaces or due to immersion in
contaminated liquids, and so on. According to the circumstances of radionuclide
release to the environment and the particular radionuclides involved, different
exposure pathways will be more or less significant. The level of radiation exposure
will also depend on what the people concerned are doing, e.g., how much are they
eating of different foods. For any particular set of circumstances, these factors combine
to give rise to a particular distribution of individual doses among the exposed
population. In broad terms, a key factor in permitting discharge of radionuclides to the
environment, or in authorizing solid waste disposal, is to limit exposures to a
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representative member of the critical group. For any estimate of future impacts there is
a hypothetical element to the definition of this critical group.

Because of the time frames involved, when assessing the radiological impacts of
potential future releases of radionuclides from a radioactive waste repository, there is
no direct analogue of the existing community within which potential critical groups can
be identified. Thus, in the assessment methodology, the existing community can be
replaced by a hypothetical community assumed to be located such that its primary area
of resource utilization includes those localities and environmental materials which
exhibit the highest concentrations of repository derived radionuclides. Hence it is
appropriate to replace the term 'critical group' with 'hypothetical critical group' in the
context of solid waste disposal assessments.

In practice, one of two approaches is taken to providing the necessary components for
conducting a dose assessment. Either the locations and characteristics of the
individuals are first defined followed by assigning appropriate exposure pathways
consistent with these locations and characteristics, or the opposite approach is taken:
exposure pathways are defined according to assumptions for how radionuclides
emerge from the geosphere and then accumulate in biosphere media, followed by
definition of human characteristics that are relevant to human interaction with these
media.

If one chooses the first approach, the characteristics of future humans important to
assessing doses (such as where they derive water for drinking and agriculture, the food
they eat, the materials they use for shelter, etc.) must be defined as part of the dose
assessment exercise. The basis for deciding these characteristics should be defined in
advance so as to provide credibility to the assessment. As alluded to earlier, specific
land use practices, such as agriculture and construction using natural materials, can
greatly affect the exposure pathways leading to significant human exposure. Therefore,
properly defining future human characteristics is essential to identifying the important
exposure pathways and conducting the dose assessment.

In the second approach decisions about critical groups have to be deferred until a clear
specification of the type of release (from the geosphere) is provided.

The choice of the hypothetical critical group(s) to be used in a dose assessment is based
on assumptions about future human behavior. Because future human behavior is not
known these assumptions must be necessarily rather arbitrary. Since it has been shown
that the assumptions chosen will influence substantially the outcome of the dose
assessment, it is essential that the assumptions made be consistent with a specific
assessment philosophy in those cases where dose assessments are performed to support
the licensing of radioactive waste disposal facilities. Therefore, the first step in
developing a successful approach to critical groups is for the assessment philosophy
regarding critical groups to be both clear and self-consistent.
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Dose assessments made for the deep geologic disposal of radioactive wastes can be
done for a variety of reasons. They can be done to distinguish between alternative
disposal sites, or alternative engineered barriers to the release and/or transport of
radionuclides. Once a site and set of engineered barriers have been chosen, dose
assessment(s) will be performed to assess whether or not the system is "safe". This is
formally done in the licensing process by demonstrating compliance with regulatory
criteria. Therefore, even before the regulatory criteria are established it is necessary to
have a philosophy regarding what "safe" means. For illustrative purposes in this
discussion we have labeled this philosophy the "assessment philosophy". This is
because we have primarily concerned ourselves with how the overarching "assessment
philosophy" regarding critical groups is (and should be) manifested in the regulatory
criteria and dose assessments performed to demonstrate compliance.

There is a wide variety of assessment approaches that are taken regarding critical
group characterization. These range from rather prescriptive approaches describing the
kinds of human behavior that should be assumed to those with no guidance at all. The
primary distinction between the different assessment approaches to critical groups is
the degree of conservatism. The degree of conservatism should be reflected in the
regulatory or guidance philosophy chosen. A consistent assessment philosophy
regarding critical group definition is necessary in order to avoid confusion in the
development of regulatory guidance, and the implementation of critical groups in dose
assessment. A clear and consistent assessment philosophy will make it much easier to
answer the following general questions:

* How large should the critical group be?

• How homogeneous should the critical group be?

* How conservative should the assumptions about critical group behavior be?

* What level of detail should be included in the definition of critical groups?

Because of the variety of assessment philosophies that are possible, it is useful to define,
for illustrative purposes, two different philosophies representing some of the
approaches that are found today. For lack of better words, the first philosophy is
termed "cautious"; the second is termed "equitable". These two approaches are not to
be construed as opposites. That is, a "cautious" approach should not be considered
"inequitable"; similarly, an "equitable" approach should not be considered reckless.
Rather, they represent two valid alternatives along a philosophical continuum.

1a2.1 The "Cautiousq"Assessment Philosophy

For the purposes of this report, the "cautious" assessment philosophy is based on the
assumption that radioactive waste disposal is an involuntary risk from a man-made
source from which future generations will derive no benefit. Society's general fear of
radiation may also influence legislators and/or regulators to establish very strict

10-4



The 'Average Individual' Concept as an Alternative Performance Measure

regulations, beyond those associated with other risks. The basic principle for the
"cautious" philosophy regarding critical groups would then be to make sure that
nobody will ever receive anything more than a small dose (or health risk) from
radioactive waste disposal. Therefore, strict regulatory dose or risk limits (rather than
guidance) are in order.

~ Cawimue philosophy
c aide poiidua l popUlalSim

ii~~~~~~~b

Figure 10-1 Average Individual Dose Rate as a Function of Exposed Population Size
for a Hypothetical Release

Figure 10-1 is an illustration of what a distribution of doses to a hypothetical
population due to the potential release of radionuclides from a radioactive waste
disposal facility may look like. The x-axis is the size of the population considered with
the individual dose rates successively decreasing with each individual (i.e., the dose
rate to individual 'n+l' is less than the dose rate to individual Wn). The yo-aIs
represents the average individual dose rate for the given population size, D(N)
Formally,

B(N) L ~~~~~~~~~~~~~~~(10-1)
N

It is important to remember that Figure 10-1 is merely illustrative. It is not based on
any actual dose assessment application. However, it is reasonable to assume that the
shape of the curve is generally correct in a qualitative sense. That is, experience with
present day releases suggests that there is likely to be a relatively small group who, due
to a combination of location, societal, and individual characteristics, would receive
higher individual doses than the rest of the population. There may also be a somewhat
larger group, for example, those living generally downstream of the disposal facility,
who would receive larger individual doses than populations living far away. This is
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qualitatively represented by the middle plateau of the curve. Finally, the vast majority
of the hypothetical population is expected to receive little or no exposure. This is
represented by the portion of the curve farthest to the right that is descending toward
zero dose rate.

As indicated in Figure 10-1, the "cautious" assessment philosophy will focus on only
those few hypothetical individuals who would receive the highest doses. In the most
extreme, the "cautious" philosophy may only consider the "maximally exposed"
individual. Dose rate limits applied to this relatively small hypothetical critical group
with only the very highest potential exposures may be similar to or less than natural
background radiation to the general population in the "cautious" approach.

Three examples of existing regulations and guidance that appear similar to this
"cautious" approach are found in: the groundwater protection portion of the US
Environmental Protection Agency regulation 40CFR191 [EPA, 1993]; the International
Commission on Radiological Protection's document ICRP 26 [ICRP, 19771; and
Appendices D and E of the National Academy of Sciences recommendations on the
technical bases for Yucca Mountain standards [NAS, 1995]. 4OCFR191 uses the concept
of a "maximally exposed individual" - defined as a person who obtains his/her entire
drinking water supply from the most contaminated portion of the groundwater plume
containing the radionuclides. No account is taken of the likelihood of such an
individual existing in the future; rather, the maximally exposed individual is always
assumed to be present. Note that use of abstracted water for drinking may not be the
pathway giving rise to the largest doses associated with use of abstracted water. (E.g.,
see Charles and Smith [1991].) Illustrative analysis of the likelihood of an average
individual with "maximally exposed" behavior [EPRI, 1994] suggests that the
"maximally exposed individual concept" will result in estimated doses that are several
orders of magnitude larger than the individual dose averaged over the local population
assumed living in the immediate vicinity of the waste disposal facility. Furthermore,
40CFR191 stipulates the maximally exposed individual should receive no more than
0.04 mSv per year from drinking groundwater contaminated with radionuclides from a
radioactive waste disposal source. This represents generally less than ten percent of the
natural background dose that most people would receive. Thus, the use of a maximally
exposed individual coupled with a fairly low dose rate limit for this individual makes
this regulation extremely "cautious" in terms of assessment philosophy.

The critical group approach found in ICRP 26 is somewhat less "cautious" than that
found in 40CFR191. ICRP 26 noted [ICRP, 1977, para 85] that.

"... the actual doses received by individuals will vary depending on factors such as
their age, size, metabolism and customs, as well as variations in the environment....
. With exposure of members of the public, it is usually feasible to take account of
these sources of variability by selection of appropriate critical groups within the
population, provided the critical group is small enough to be relatively
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homogeneous with respect to age, diet and those aspects of behavior that affect the
doses received. Such a group should be representative of those individuals in the
population expected to receive the highest (dose), and the Commission believes
that it will be reasonable to apply the appropriate (dose) limit for members of the
public to the mean (dose received by members of this group). Because of the
innate variability within an apparently homogeneous group, some members of the
critical group will receive a (dose) somewhat higher than the mean."

The approach adopted in the ICRP 26 guidance recognizes that a few individuals will
receive higher doses than the average of the critical group, so, in this respect, it is
somewhat less "cautious" than 40CFR191. Other organizations [e.g., NAS, 1995] have
interpreted the ICRP 26 guidance to imply there should only be roughly a factor of two
to three difference between the dose calculated for the critical group average and that
of the "maximally exposed individual". The ICRP critical group approach first set forth
in ICRP 26 was later included in ICRP 46 [ICRP, 1985] - guidance for radioactive waste
disposal underground.

Much has been made of the difference between the "Appendix C" and "Appendix D"
approach to critical groups found in the National Academy of Sciences
recommendations to the EPA on the technical bases for Yucca Mountain standards
[NAS, 1995]. The "Appendix D" approach advocating the use of a subsistence farmer is
very similar to that used by EPA in 40CFR191 [EPA, 1993]. The "Appendix C"
approach is more complicated, yet still adheres to the use of a critical group. In reality,
they both represent slight variations of the "cautious" assessment philosophy. Based
on many public comments made by members of the NAS committee who authored
NAS [19951 it appears that the ultimate dose estimate to an average individual in the
critical group using the "Appendix C" approach may only be a factor of three lower
than that using the "Appendix D" approach. Such a small difference is almost
inconsequential given the larger uncertainties about future human behavior.

10.2.2 The "Equitable"Assessment Philosophy

For the illustrative purposes of this report, the "equitable" assessment philosophy is
based on the assumption that radioactive waste disposal constitutes a health risk to
present and future generations like many other risks society chooses to tolerate.
Therefore, it should be regulated to the same level as other risks society currently
chooses to "tolerate". That is, an equitable approach should be taken to risk
management. An appropriate definition of "tolerability" can be found in "The
Tolerability of Risk from Nuclear Power Stations" [Health & Safety Executive, 1992].

'Tolerability' does not mean 'acceptability'. It refers to a willingness to live with a
risk so as to secure certain benefits and in the confidence that it is being properly
controlled. To tolerate a risk means that we do not regard it as negligible or
something we might ignore, but rather as something we need to keep under
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review and reduce still further if and as we can. For a risk to be 'acceptable' on the
other hand means that for purposes of life or work, we are prepared to take it
pretty well as it is.

Many of the levels of risk that society currently "tolerates" are based on society-wide
averages, rather than on specific, higher risk subgroups. This is shown in Figure 10-1.
In the case of the "equitable" approach, the size of the hypothetical critical group
would be roughly the size of the entire hypothetical local population. This will be
discussed in more detail later on.

Health risk levels that are broadly tolerated by today's society span several orders of
magnitude. However, annual individual health risk levels on the order of 104 to 10J, as
shown in Table 10-1, might be considered appropriate for radioactive waste disposal
because they roughly correspond to involuntary risks from a variety of different man-
made sources. Risk levels in this range have been recommended in ICRP 46 [ICRP,
19851, and were suggested as a "starting point for discussion" by the US National
Academy of Sciences committee that recommended the form of a performance standard
for the candidate HLW repository at Yucca Mountain [NAS, 1995].

Table 10-1
Annual Risk of Death per Million Persons (US average data generally reported)

Risk Source Annual Risk of Death
per million persons

Reference

"Involuntary" risks (anthropogenic sources):

Motor vehicle pedestrian collisions 42 Wilson and Crouch [1982]

Extra fatal cancer risk living in Denver'. 10 Wilson [1980]

Poisoning by solids and liquids: 6.0 Wilson and Crouch [19821
excluding drugs/medications

Electrocution 5.3 Wilson and Crouch 11982]

Being struck by a crashing airplane 4.0 Harvard Center of Risk Analysis [1992]

"Involuntary" risks (natural sources)

Radon 56 National Safety Council [19821

Tornadoes (Midwest US average) 2.2 Dinman (1980]

Tornadoes (US average) 0.6 Wilson and Crouch [1982]
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Table 10-1
Annual Risk of Death per Million Persons (US average data generally reported)

Risk Source Annual Risk of Death Reference
per million persons

Floods 0.6 Wilson and Crouch [1982]

Lightning 0.5 Wilson and Crouch [1982]

Risk levels used by regulators:

US EPA general risk limit range2 1-1000 Reilly [19921

Receiving 1 mSv/yr (100 mrem/yr) 3 50 ICRP [1991]

Notes:

1. Compared to living in New York. Note: this could be considered by some to be a natural,
involuntary risk.

2. "Merely for comparison, EPA generally sets its standards or regulations so that risks are below 1-in-
1000 to 1-in-one million."

3. Nuclear regulatory agencies from many nations use annual dose limits (from a single source) to the
general public in the 0.1 to 1 mSv range.

Although none of the risks listed in Table 10-1 is exactly similar to the case of
radioactive waste disposal, the risk characteristics presented by radioactive waste
disposal are far from unprecedented. Radioactive waste disposal is often perceived as
having unique risk characteristics - characteristics that demand a "cautious" approach.
It is often argued that radioactive waste disposal is unique because it presents risks to
future generations who will derive no benefit, and is considered "irreversible". For
these reasons some feel the risks due to radioactive waste disposal cannot be compared
to other societal risks.

However, it is clear from Table 10-1 that society currently tolerates uneven risk
distribution. For example, except for the excess health risk of living in Denver (due to
higher natural radiation levels) or in the Midwest (due to a higher incidence of
tornadoes), the risk levels listed in Table 10-1 are averaged over the entire US
population, rather than some smaller "most at risk" group. When averaging in this
manner, some people are included in the average who have zero to near zero risk;
others have a risk presumably much higher than the average. This is suggested by the
fact that Midwesterners have a risk of death due to tornadoes that is roughly four times
higher than the US average. Presumably, even smaller groups of Midwesterners with
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even higher average tornado risks could be identified. This is just one example of
many where risks are concentrated in specific locations. Many of these spatially
concentrated risks are of human origin. Thus, it is clear that society broadly tolerates
uneven distribution of risks where it is entirely possible that those who are most at risk,
due to location, may have derived little to no benefit from the activity that caused the
risk. Thus, the possibility of "temporal" risk heterogeneity (risks to future generations
caused by present-day activities) does not appear inconsistent with society's general
tolerance of "spatial" risk heterogeneity.

With regard to the "irreversibility" of radioactive waste disposal, certainly there are a
host of other societal decisions causing risks that are not wholly reversible. One such
decision would be land development in previously pristine areas that cause irreversible
ecological damage. This is not to say that irreversible risk is necessarily acceptable
('acceptability" of a risk is purely judgmental, and needs to be left to society). Rather,
it is merely pointed out here in context of an "equitable" assessment philosophy, that
society currently tolerates some irreversible risks, so radioactive waste disposal is not
unique in this regard.

It may also be useful to examine the population risk in addition to the individual risk of
the values given in Table 10-1. Assuming a US population of approximately 2x10', an
individual risk level of 104 per year corresponds to an average of 200 deaths annually.
It seems, then, that US society broadly tolerates, for example, approximately 8,400
motor vehicle pedestrian collision deaths and 120 deaths due to lightning annually
across the entire US. In contrast, the population living in the vicinity of a release
associated with HLW disposal will likely be several orders of magnitude smaller than
the entire US population, assuming aqueous release pathways.

Thus, based on the regulatory philosophy of risks broadly "tolerable" to society, it
would likely not be broadly tolerable to allow a risk level higher than on the order of
104 per year due to radioactive waste disposal, although a limit lower than
approximately 10' per year could still be considered overly stringent if an "equitable"
assessment philosophy were to be adopted.

Another way to suggest that an individual health risk criterion (assuming the
individual health risk is averaged over the entire local population) in the 10W to 10i
range is "equitable" would be to compare the total number of health effects caused by
radioactive waste disposal over the lifetime of the repository to other risk totals society
currently tolerates in a single year. A hypothetical subsistence farming community,
often considered to have characteristics causing the highest exposure, may be no more
than of the order of 100 persons. Assuming the risk, averaged over the entire local
population, was a constant 104 to 104 per year for one million years, and the total local
subsistence community population size, averaged over one million years, was 100, then
one could expect 100 to 1000 deaths in the local populations over a one million-year
period, or an average of one death every 1000 to 10,000 years (or one death every 40 to
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400 generations). Therefore, a risk level of 104 to 10' per year to the entire local
population affected by the HLW repository for the life of the repository (assumed on
the order of one million years) could well be less than or roughly equal to that due to
the hazards from some of the more common risks very large populations broadly
tolerate in a single year. The conclusion is that an annual risk to an average individual
in the local population on the order of 10' to 104 appears to be reasonably "equitable"
based on the assumption that society broadly tolerates annual risks for a much larger
population of this same order of magnitude.

If one assumes that risks can be averaged over a population with a large amount of risk
heterogeneity, then it is reasonable to take a more probabilistic approach to the
definition of the average individual. Such an approach has been taken in an illustrative
manner by EPRI in a performance assessment exercise for the candidate HLW
repository at Yucca Mountain [EPRI, 1994]. This exercise suggested that doses (or
health risks) calculated for a "maximally exposed individual" may be two to six orders
of magnitude larger than that for an individual with characteristics representing the
average for the local population. Thus, fundamental differences in regulatory
philosophy will result in fundamental differences in calculated health risk or dose to
the critical group.

It may be noted that estimates of risk per unit dose adopted from ICRP
recommendations [ICRP, 1991] apply as averages over large populations. The average
individual risks arising from a given level of exposure to a particular small group could
be quite different from those for a larger population. Risks to particular individuals for
that same level of exposure would probably vary over a still larger range.

A confounding factor in this discussion is the degree of conservatism implicit in setting
annual dose limits on the basis of a committed effective dose. In the context of internal
exposure, this presumes that it is necessary to limit intakes in a year assuming previous
annual intakes have been at the limit. This presumption in dosimetry and in setting of
limits should be borne in mind when deciding on assumptions for human behavior
related to exposure pathways.

A further confounding factor is that the health physics community is itself not of one
voice in determining the significance of very small doses [HPS, 19961 nor in the
appropriateness of health physicists choosing the weighting factors in effective dose
which relate the significance of fatal and non-fatal cancers [Sumner, 1996]. The latter
issue involves societal value judgments, which, as with other as components of critical
group definition, might better be a matter of public policy than scientific debate.

10.2.3 "Assessment Philosophy" Summary

Table 10-2 provides a summary of the "cautious" and "equitable" assessment
philosophies and their relation to specific regulatory issues. As discussed above, these
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philosophies are considerably different and will result in significantly different
approaches to critical groups.

The National Academy of Sciences committee that recommended technical bases for
Yucca Mountain standards [NAS, 1995] has made, perhaps unwittingly, significant
subjective recommendations by providing recommendations in critical groups that very
clearly adhere to a "cautious" assessment philosophy. They have done this by citing
some regulatory and guidance precedent to justify the "cautious" assessment
philosophy.' Yet many involuntary risks US society broadly "tolerates" (such as those
shown in Table 10-1) suggest that the societal "precedent" often lies closer to the
"equitable" approach.

It must be kept in mind that TSPAs do not "predict" the future. They are only stylized,
illustrative, or representational analyses. Thus, it may be easier, more defensible, and
more credible to identify reasonable region-wide average behaviors that are less likely
to change as dramatically over long time periods as would extremes in behavior. It can
be argued that the extremes of human behavior have fluctuated more dramatically than
has the "average" behavior of people, particularly in agrarian societies. So, for the
purposes of projecting the illustrative future human behavior into the future, it seems
more reasonable to try to represent the central tendency of human behavior. It is
recognized that calculated doses to individuals with "average" behavior may be
significantly different than those with extreme behavior. This point is discussed in
Section 10.6.

Thus, it appears reasonable to quantitatively develop an approach to critical groups
more in keeping with the "equitable" assessment philosophy. Up until the illustrative
example provided by EPRI [1994] and Wilems [1994] this had never been done. Any
specification about future human behavior that involves the quantitative description of
individuals potentially exposed to dose via multiple exposure pathways, will be largely
speculative. The EPRI [1994] implementation of an "equitable" assessment philosophy
for critical groups presented, in part, below was certainly no exception. However, it is
important to recognize that the speculative nature of critical group assumptions is just
as true for a "cautious" implementation as it is for an "equitable" one.

In the end, it may be that whether a "cautious" or an "equitable" assessment
philosophy approach to radioactive waste disposal is chosen is based more on
perceived risk rather than on quantitative risk comparisons. However, assessments
based on an "equitable" philosophy can add significant insight to situations where, up

'Not all regulations adopt the "cautious" approach. Many fall in between "cautious" and "equitable".
Some, for example, the Swiss HLW disposal regulations [HSK/XSA, 1993] appear largely "equitable" in
their approach toward critical groups.
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to now, the "cautious" approach has been used exclusively. Decisionmakers should be
presented with both sets of analyses.

Table 10-2.
Comparison of "Cautious" and "Equitable" Assessment Philosophies Applied to
Regulations

Regulatory Issue "Cautious" Approach "Equitable" Approach

Establishment of Criteria Social perception of Acceptance of need for limits,
unacceptable risks leads to but these will be set at
very strict regulation. generally higher levels,
Adoption of strict (and consistent with upper limits
generally relatively low) to risk currently tolerated for
limits to dose or risk small groups in society. A

lower "target" dose/risk,
consistent with general
population averages, will
also be established, below
which further optimization
will not typically be required.

Compliance Assessment Acknowledgment of Tendency for more "realistic"
(with criteria) assessment uncertainties assessment of potential doses

leads to preference for based on "representative"
managing such uncertainty members of hypothetical
through pessimistic . critical groups, and taking
assumptions (e.g., account of present day
"maximally exposed practices.
individual", tails of
distributions of intake rates,
etc.).

10.3 The "average Individual In the local population" approach

An "average individual in the local population" approach was taken in an illustrative
manner by EPRI in one of the reports to the NAS TYMS Committee [EPRI, 1994]. The
major difference between the EPRI illustrative approach and the NAS TYMS
Committee recommendations was that the characteristics of the individual in the EPRI
report represented the average of the local population rather than the average of a
potentially small critical group. EPRI identified several aspects of human behavior that
can be treated statistically or probabilistically. For example, statistical estimates of
water and food consumption, agricultural practices (i.e., what crops are grown, and the
farming methods used), the groundwater abstraction rate per well, and the population
mix between urban and rural can readily be obtained for populations currently existing
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in the Yucca Mountain vicinity, such as Amargosa Valley. Similarly, probabilistic
estimates of future well depth, and well location for the Yucca Mountain vicinity can be
derived from existing well usage in arid terrain with deep aquifers. For illustrative
purposes, EPRI also considered other factors, such as the probability that contamination
from the well is detected and remediated. The choice of factors and human behavior
models that are ultimately used will be dependent on the available data-just as the
choice of models and parameters used to represent geologic processes is dependent on
available data.

10.3.1 Overview of the "average Individual In a local population" model

As described in Chapter 9, calculations of individual dose or risk commonly assume the
individual at risk is the maximally exposed individual, that is, the individual who lives
right next to the site for his entire life and uses the most contaminated water source
available for all water needs. The model described in this section has been structured
to allow a simple set of illustrative scenarios to be defined that can be used to convert
the results from these type of calculations into an estimate of risk to an average
individual in a critical group (the population assumed at risk). A list of the parameters
in this illustrative model is presented in Table 10-3. A more detailed illustrative model
is presented in EPRI [1994] and Wilems [1994]. Depending on how specific calculations
are structured, some of the parameters in the illustrative model may represent the
percentage of time the biosphere is in a particular environmental state, the probability
that it is in that state at a given time, the fraction of water used or the fraction of the
critical group that is exposed.

The values assigned to the parameters in this, very preliminary model are a
combination of best estimates and conservative estimates (where no best estimates
exist). Even the choice of parameters themselves can be subject to debate. The model
presented here is meant solely to suggest how the health risk to an average individual
in a critical group can be quantified. Appropriate parameters and their values will
depend on the choice of critical group(s), further research and expert opinion, and
considerable subjective decisionmaking.

In the example developed for application in Volume 2 of this report (based largely on
EPRI [1994]) three cases were considered structured around three types of population
distributions in the vicinity of the site. The three population distributions considered
were: (a) a "single farm family" in the vicinity of the repository, which may have a
well to supply both drinking and irrigation water; (b) a "small population",
characterized by farm families living in the vicinity of the repository drawing at least
some of their water resources from the groundwater where they live; and © a "large
population", characterized by a large city partially supplied by water from a well field
in the vicinity of the repository.

Only current technology has been considered in this summary. Refer to EPRI [1994] or
Wilems [19941 for a more detailed description of other states of technology.
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Table 10-3. List of Parameters Considered in the Biosphere Model.

Probability of using any local groundwater
4

Probability of a well penetrating the contaminated plume
(single farmer scenario); fraction of wells penetrating the
plume (small population scenario); fraction of well fields
where at least one well in the field penetrates the plume
(large population scenario)

Probability of not detecting and responding to the
contamination (large population or single farmer
scenario); fraction of wells penetrating the plume for
which the contamination is not detected (small
population scenario)

Probability a well penetrating the undetected,
contaminated plume produces from the plume (single
farmer scenario); fraction of wells penetrating the
undetected, contaminated plume that produce from the
plume (small population scenario); fraction of the well
fields for which at least one well penetrates the
undetected, contaminated plume that partially produce
from the plume (large population scenario)

PE Dilution (fraction) of well water from the contaminated
plume

PF Fraction of all water usage derived from well water

PG IFraction of life spent in the local area
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10.4 Illustrative probabilities

Table 10-4 presents the assumed values for each of the parameters PA through PG. The
following paragraphs discuss each of these parameters. This biosphere model [EPRI,
1994] requires assumptions about the characteristics of a future society in the Yucca
Mountain area only as they pertain to the society's use of water. Therefore, no detailed
assumptions about the future society are required.

Table 104.
Illustrative Probabilities

Single Small Large

Parameter Description Farm Pop. Pop.

PA p [groundwater used] 1.0 1.0 0.9

PB p/f [well penetrates 0.035 0.035 0.5
plume]

Pc p/f [plume not detected] 0.9 0.9 0.1

PD p/f [plume extracted] 0.5 0.5 0.2

PE f [plume dilution] 0.5 0.5 0.01

f [fraction water/food] 1.0 1.00.5

FG f [fraction life spent] 0.5 0.5 0.5

Probablity of using any groundwater (PA)

This parameter considers the possibility that other, uncontaminated water sources are
selected to support the local population rather than using any groundwater. It is
assumed that small populations will always use the local groundwater (PA=l).
However, for larger populations, it is assumed they are very likely to use large, remote
sources of water. If such large, remote sources are being used, it is possible that little, if
any, local groundwater would be used by the larger population centers because of the
limited groundwater resources in the vicinity of Yucca Mountain. To present these
considerations in Table 10-4 and in the example calculations that involve large
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populations, the probability of using at least some local groundwater is assumed to be
90%.

Probability of well (or Fraction of wells or well fields) penetrating the
contaminant plume (PB)

Assuming the local groundwater is used, P, reflects the probability that the single well
will penetrate the contaminated plume for the single farmer scenarios; for the small
population scenario P. is the fraction of individual wells penetrating the plume; and for
the large population scenario P. is the fraction of well fields for which at least one well
in the well field penetrates the plume. If the site of the well is assumed to be strictly
random, this parameter is the ratio of the plume horizontal cross-sectional area to the
total area of interest in which wells might be developed.

The area of interest can be considered the area in which wells are drilled to supply water
to the population at risk. The largest such area would extend to where the
groundwater reaches the surface. This distance is estimated to be over 20 miles (see
Section 8.2 of this report). However, a radius of 10 miles would be consistent with US
NRC practice in analyzing reactor accident scenarios [NRC, 19861. One may also
assume that drilling activities would be prevented within a "controlled zone" described
in 40OCFR191 [EPA, 1994]. In the model presented here, the repository is assumed to
have a radius of one mile, and the controlled zone boundary extends an additional
three miles (approximately 5 kin) past the edges of the repository. Therefore, the
controlled zone boundary is 4 miles from the center of the repository. The area of
interest is assumed to be the area between a radius of 4 and 14 miles from the center of
the repository. This area is X x (142- 42) = 570 square miles.

The area of the plume also needs to be considered before assigning a value to P3.
Although a time-independent value of P. is chosen in this illustrative model, it is
evident that P, is actually time-dejpendent since the contaminated plume will likely
grow with time. At earliest times, P5 will be zero since the plume will be inside the
controlled zone. Eventually, the plume will pass the controlled zone boundary and P,
will then increase. For this model the maximum plume area is assumed to be the
diameter of the repository (two miles) times the minimum path length through the area
of interest (14 - 4 = 10 miles), which is 20 square miles. This assumes that the plume
does not spread much in the direction perpendicular to flow, which is a reasonable
assumption (see Section 8.2).

For the single farmer and small population scenarios (represented by single-family
wells) the capture zone of the well may be only a few tens of meters. Since the plume
width is orders of magnitude larger than this, no additional correction is required to
calculate P, for these populations. Therefore, P, is assumed to be 20 miles2/570 miles2 =
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0.035. This value represents a probability for the single subsistence farmer and a
fraction for the small population.

For the cases involving large populations, the fraction of wells in the series of wells
supporting a large population that penetrate the contaminated plume depends on how
many wells were needed to support the population and the ratio of the size of the
contaminated plume to the area in which the wells might be located. For this model,
the large population is assumed to be sufficiently large to consume much of the water
that flows down the basin. Such a population might develop well fields that would
extend across much of the area of interest. However, these wells could be located
either upstream or downstream of the site, so the fraction of well fields for which at
least one well in the field penetrates the plume would be less than or equal to 0.5. A
value of 0.5 was chosen in this model.

Probability of not detecting the contaminant/fraction of wells for which the
contaminants are undetected (Pa)

Extensive efforts are required by the Yucca Mountain regulations to inform future
generations of the hazard posed by any repository. These include both active and
passive controls. Further, passive controls such as on-site markers and records of the
repository are likely to allow society to retain knowledge of the hazard and its location
long into the future. Even if these passive on-site markers were to be degraded, a
society that has retained knowledge of the hazard might restore the markers. Further,
even if knowledge of the hazard is lost, there is some possibility that future resource
exploration activities in the vicinity of the repository will detect and re-establish
knowledge of the repository's existence. Upon re-establishment of this knowledge, it is
likely that a responsible society would re-establish active and passive controls.

It is more likely that knowledge of the hazard will be retained or re-established for
larger populations than for smaller ones. For examile, the US Safe Drinking Water Act
Amendment ([US Congress, 1986], paragraph 300f-j) and the implementing US EPA
regulations [EPA, 19911 require more stringent testing and clean-up for water systems
supplying larger communities. Therefore, for the large population scenarios it is
assumed that society acts as a unit in establishing regulations and procedures for the
testing of all wells for large population use. For these cases, Pc represents the probability
that the capabilities and practices of the society containing the large population will not
manage to detect and mitigate any contamination found. For the large population
cases, Pc is assigned a value of 0.1.

Individual well users in the small population scenarios are assumed to act
independently of each other. Therefore, some well users may choose to test their wells
for contamination while others may not. For these small population scenarios
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involving several farm families, Pc represents the fraction of all wells penetrating the
plume for which the hazard is not detected. P, is given a value of 0.9.

For the single farmer cases with just one well penetrating the plume, P, represents the
probability that the farmer does not detect the contamination. As for the small
population case, Pc is given a value of 0.9.

In an actual application of this approach, it would be reasonable for Pc to be dependent
on the length of time since the repository was established or since knowledge of it was
re-established. Also, this parameter could be a function of distance of the well from the
repository since the farther the well is from the site the more likely the developers of
the well might ignore the existence of the repository. However, for the simple
examples represented here, these complexities are not taken into account.

Probability the well (or fraction of all wells) penetrating the plume produce(s)
from the plume (PD)

When a well which penetrates the contaminated plume and the contamination goes
undetected, there is no assurance the well will draw water from the contaminated
plume horizon(s). The likelihood such a well produces from the contaminated portion
of the aquifer(s) underlying the well actually depends on the hydrologic characteristics
of each of the aquifers beneath the well and the thicknesses of the aquifers. This
dependence is reflected as the likelihood of a water user producing from a zone in
which there is contamination. The complex geohydrologic conditions will have to be
taken into account when estimating which depth(s) future humans might choose to
develop a well and over which depth(s) the contaminated plume is likely to exist.
Complicating the estimate of contaminant plume location is the effect of the repository
design on the plume. For example, the HLW buried at Yucca Mountain could generate
large convective cells within the saturated zone that could cause mixing over greater
depths [Buscheck and Nitao, 1993].

The amount of water needed by the population developing the wells could also
influence the likelihood of producing from the contaminated plume. For example, the
limited amount of groundwater near the Yucca Mountain site, coupled with the lower
carbonate aquifer being the more productive aquifer (see Chapters 7 and 8), could
result in a larger population drilling to greater depths - thus lowering the likelihood
of producing from the contaminated plume. On the other hand, if so much water is
withdrawn that the contaminated plume is drawn down to the well production zone
(assuming the contaminated zone has hydrological connection to the water-producing
zone), then the value for P. should be increased.

Because of the limited information available on the regional hydrologic system near
Yucca Mountain and because of the uncertainty in the water needs of the future
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population in the vicinity of Yucca Mountain, simple models that only superficially
account for the geohydrologic complexity of the site are used to define PD There are
several aquifers of interest in the region: the Tuff Aquifer, the Lower Carbonate
Aquifer, and the Valley-Fill Aquifer. Releases from the site are likely to be into the Tuff
Aquifer [DOE, 1988]. The potential for this water in the Tuff Aquifer (uppermost
aquifer) to interact with the Lower Carbonate Aquifer or, in turn, for either of these to
interact with the Valley-Fill Aquifer (lowest aquifer) is not well known. In the region
near the repository site, the Tuff Aquifer is on the order of 4 km thick and the more
productive Lower Carbonate Aquifer is also about 4 km thick [DOE, 1988]. Although
the Tuff Aquifer is limited as a water resource, it is quite sufficient to sustain a single-
well farm family.

For the example presented here a vertical mixing of the contaminant within the Tuff
Aquifer of 100 meters is assumed. It is likely that a single-family well would have a
production depth of several tens of meters. So, if equal probability of tapping any
depth with the Tuff Aquifer were assumed, there would be no more than a 3% chance
of extracting water from the contaminated zone. However, it is more likely that a
single-family well would be completed near the top of the aquifer. In attempting to
account for the uncertainty of mixing within the Tuff Aquifer or between aquifers and
the uncertainty of how deep the single-family well would be set, a value of 0.5 is
assumed. This value represents a probability for the single farmer, and a fraction of all
wells penetrating the plume for the small population.

A reasonable size city requires a substantial quantity of water. For example, a city of
about 60,000 would require about 10' gallons-of-water/day (assuming a per-person-
requirement of about 150 gallons/day). This is about two-thirds of the water flowing
from north to south in the hydrologic sub basin in which the proposed repository
location resides ([DOE, 1988], Table 3-10, page 3-80). It has been estimated that any
contaminant would reside in the upper regions of the Tuff Aquifer; however, higher-
demand wells like those required to supply a city would more likely be located in the
Lower Carbonate Aquifer or the Valley-Fill Aquifer which have a higher productivity.
Because of these considerations, the calculation in this report assumes the fraction of
well fields supporting a city, in which at least one well penetrates the plume for which
the contamination is undetected, and that extract water from the contaminated zone, is
0.2. This value is larger than the simple ratio of the productivity of the Lower
Carbonate and Valley-Fill Aquifers to the productivity of the Tuff Aquifer because of
the uncertainty of whether either of the first two aquifers have a hydrological
connection with the Tuff Aquifer.

It should be remembered that the values used for PD here are only to illustrate an
application of the model. Further development of PD should consider the production
potential for each of the water-bearing zones beneath the well site, the depth of the
zones, the quality of water within each zone, the size of the wells, and the hydrologic
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characteristics of the zones to define the potential for a well producing from the
contaminated zone.

Dilution (Fraction) of contaminated groundwater during extraction (PE)

If a well draws water from the contaminated zone, this water may be diluted by other
water drawn into the same well. This is more likely if the contamination is
concentrated into a fairly thin stratum near the top of the saturated zone. As for P,, one
should consider the complex details of the geohydrologic system near the site to
properly model PE.

For the model presented here, it is assumed that half of the water from a well extracting
water from the contaminated plume in the small population single-well scenario is
from the contaminated plume. For the large population scenario, it is assumed that 1%
of the total water drawn is extracted from the contaminated plume, given that at least
one well in the field is at least partially producing from the plume. The factor of 0.5 for
the single well scenarios is based on the assumptions: (1) the contaminated plume is
within the top 100 meters of the saturated zone (within the Tuff Aquifer), (2) the well is
likely to be located near the top of the saturated zone, but not at the very top, and (3)
the production zone of the well is likely to be several tens of meters - so, the
production zone will be within the top several hundred meters of the saturated zone
and will mix the contaminated and uncontaminated water within this zone. For the
large population scenario it is assumed the city is large enough to require 10'
gallons/day. A 100 meter thick, two kilometer wide contaminant plume traveling at a
Darcy velocity of one meter per year results in a contaminant flux of 1.4 x 105 gallons
per day. The ratio of these two gives a contaminant dilution factor of 0.01. Again,
much more complex models could be formulated but were not for the illustrative
calculations presented in this report.

Fraction of food or beverage from the local area (PF)

In the current society within the United States, even the most remote farmers obtain at
least some of their food and beverages from sources outside the local area. Depending
on the size of the population using water from the vicinity of the repository and on the
degree of technology development, varying portions of the food and beverages
consumed by that population are likely to use local water. A smaller population in a
society without advanced technology is likely to use more local water for drinking and
to grow its food. The parameter P, takes these factors into consideration.
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Fraction of an Individual's life spent at the site (PG)

Finally, the fraction of a person's life spent at the site (P) is important in estimating the
lifetime risk from consuming water from the site. This is another difficult factor to
estimate because the amount of time the average person would spend at the site is
likely to be dependent on the size of the population at the site and the level of
technology development within the society at the time.

In the current society, most rural people do not spend their entire life on a farm. This is
because of opportunities for offsite travel, education and alternate jobs. For purposes of
the illustrative calculations in this report, a value of 0.5 is assumed for the fraction of
life spent at the site by any farmer with today's technology. The percentage of one's
life spent on the farm using the contaminated water is assumed to be slightly lower for
the advanced technology case - specifically, a value of 0.3 is assumed for this case.
The rationale for this decrease is that with higher technology there will be more
opportunity for offsite travel, education and alternate job opportunities for those on the
farmn

There are arguments for why a city dweller might spend a higher percentage of his life
at the same site (e.g., more opportunities for employment), but just as many arguments
for why a city dweller might spend less percentage of his life at the same site (e.g.,
more opportunities for education, thus more travel and job opportunities in other
locations). For this model it is assumed that the percentage of the average city
dweller's life spent in the vicinity of the site is likely to be about the same as that for the
farmer - that is, 0.5.

Summary

The parameters described in this appendix are illustrative of those required for
comparison of the health risk to an average individual in a critical group to that for a
conservative individual. Three population groups (large, small and single farmer) were
considered. Seven parameters have been considered in this illustration. Some of the
parameters are probabilities of a certain characteristic of society or the site existing -
each of which is necessary if individuals are to be exposed to the contaminants; others
represent the fraction of the critical population exposed to the contaminants or are
dilution factors. Taken as a whole, these factors quantify the health risk of the average
individual in a critical group - a group that includes the maximally exposed
individual. This concept is further illustrated in the next subsection.

As discussed earlier, the values assigned to the parameters in this, very preliminary,
model are a combination of best estimates and conservative estimates (where no best
estimates exist). In order to develop a more defensible probabilistic biosphere model,
further work is required, which will draw on experts spanning the physical and
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behavioral sciences. For example, experts in the fields of demography, sociology, and
anthropology will be required to better estimate the behavior of societies with levels of
technology which are advanced or similar to today's. These experts are best equipped
to assign values to Pc, PF, and PG* Geohydrologists, who are already involved with
investigations at Yucca Mountain, need to be consulted to obtain defensible values for
PA, Ps P. and P.

However, the values chosen in this illustrative biosphere model are reasonable in the
sense that the relative value for each parameter chosen for each of the critical groups is
a reasonable estimate. For example, it can be argued that the correct value for
parameter Pc, the likelihood that the contamination is not detected by the society, is not
actually 0.9 for a small population, or is not actually 0.001 for a large population.
However, it is reasonable to expect that the value should be higher for the large
population than for a small population for the reasons discussed earlier. Assigning
reasonable relative values to each of the parameters is useful to illustrate the relative
health risks for the maximally exposed individual (where all seven parameters are
assumed to be unity) and an average individual in each of the three critical groups
considered. With further work, a more well-defined, documented exposure model can
be obtained to provide a quantitative framework for assessing the health risk to an
average individual in a population, not just the maximally exposed individual.

10.5 DefinItion of "Average Individual In a Local Population"

With the critical population defined, we must define the "average individual" within
that critical population. To do this, we make use of the probabilities described in
Section 10.4, and define two factors that will be used to convert the dose distribution
for the maximally exposed individual, to the dose distribution for the average
individual in the critical population. These factors are:

* Pe = probability that exposure will occur to at least one individual within the

critical population, and

• f =fraction of the critical population that actually receives a dose, or dilution of the
dose received by individuals in the critical population, given that at least one
individual is exposed.

The key distinction between p. andfis that p. describes the probability that exposure is
not avoided, i.e. it is the probability that at least one person will be exposed to radiation
originating from the repository. Parameterf is the fraction of people exposed in the
critical population, given that at least one is exposed, or it is a dilution factor caused,
for example, by mixing contaminated water with uncontaminated water.
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Parameters p. andf are estimated differently for very small populations (the single
farm family), small populations (many farm families), and for large populations (the
urban scenario). The factors are as follows:

Single farm scenario: Pe =PA PB PC PD (10-2)

f =PE PF PG (10-3)

Small population scenario: Pe =PA (10-4)

f =PB PC PD PE PF PG (10-5)

Large population scenario: Pe = PA PC (10-6)

f =PB PD PE PF PG (10-7)

where we have adopted the nomenclature of Section 10.4 for probabilities PA through
PG-

The reason that certain probabilities are treated differently (considered part off or part
of p) for a single farm, a small population, and a large population in Equations 10-2
through 10-7 is important. For the single farm scenario, PA through PD determine the
probability that members of that family receive any dose at all, and PE through PG
represent dilution of the dose. For small populations (multiple farm families), people
in a rural environment will act individually and independently in siting, drilling, and
testing wells. Therefore it is reasonable to model PB (related to siting the well above the
contaminant plume), P, (related to testing the water), and PD (related to the depth of the
well) as affecting thefraction of the population receiving a dose. For large populations
(the urban scenario), large community wells will be drilled with institutional control,
and if the technology and knowledge exist to test one well, it is reasonable to expect
that all will be tested. Thus Pc contributes to the probability that the population receives
a dose, and PI,. P, PEE P, and PG contribute to the dilution of the contamination in the
groundwater.

The values of p. andf are shown in Table 10-5, as calculated from the probabilities
presented in Table 10-4. If one calculates the expected value of the dose rate, rather
than calculating the CCDF, then the product of p. andf are used, as shown in
Table 10-5.

Table 10-5 illustrates that the use of the "critical group" concept introduces potentially
several orders of magnitude of conservatism when compared to the use of the "average
individual in a local population concept". This latter concept provides a better estimate
of the population-wide impact of the repository.
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Table 10-5.
Illustrative Values of Pe and f

Pe f Pex f

Single farm scenario 2 x 10-2 3 x 10-1 6 x 10-3

Small population scenario 4 x 10-3 4 x 10-3

Large population scenario 9 x 10-2 3 x 10 4 3 x 10-5

10.6 Summary

An alternative to the use of a critical group, the "average individual in the local
population", has been developed for use as an alternative performance indicator. This
approach is consistent with an "equitable" assessment philosophy described in Section
10.2. The "equitable" assessment philosophy appears to be consistent with the way in
which US society tolerates a variety of involuntary risks. Thus, it may be considered an
equally valid approach to both regulation and compliance compared the one
recommended by the NAS committee on technical bases for Yucca Mountain standards
[NAS, 1995], which is an example of a "cautious" assessment philosophy.

The quantitative difference between the two approaches to defining the hypothetical
individuals for whom doses are to be calculated can be quite significant. The
illustrative example provided above suggests that doses calculated for the average
individual in the local population are two to five orders of magnitude less than what
would be calculated for an average individual in a "critical" group-the group
containing either a single individual or handful of individuals with the greatest
("reasonable") hypothetical exposure.

In terms of the development of regulations or assessing compliance, estimates of dose
to individuals in a "critical group" as well as the "average individual in the local
population" should both be made. This would provide additional regulatory insight.
Certainly estimates of dose to the handful of hypothetical individuals most exposed
would provide an upper bound on potential exposures. However, dose estimates to an
average individual in the local population that may be exposed would also provide
information regarding the extent of the risk to the entire population as a whole.

It appears that US society currently "tolerates" involuntary risks on the order of 104 to
104 per year when averaged over a very large population. US society also tolerates a
significant amount of risk homogeneity in that some individuals within the society may
experience risk levels significantly in excess of the large population averages. Thus, it
seems reasonable to consider a risk limit to and average hypothetical individual living
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in the vicinity of Yucca Mountain on the order of 10' to 10 per year. It would be
extremely conservative to apply this same numerical risk limit to either the single, or at
most, handful of hypothetical individuals who would be most exposed, as was
suggested by the NAS committee [NAS, 19951.

On the other hand, Pigford [1996] has observed that the exclusive use of a regulatory
limit applied to such an average individual could, theoretically, result in excessive
doses to the most exposed hypothetical individual appearing tolerable - doses so high
as to cause acute health effects. Clearly such a potential situation is not and would not
be considered tolerable by society.

A possible solution would be designing for a risk target of 104 to 104 per year applied
to an average hypothetical individual in the Yucca Mountain vicinity in combination
with a risk target of 10i to 104 per year applied to an average hypothetical individual in
a critical group. Such an approach may be consistent with the general form of risk
society "tolerates".

A regulation similar in form to this suggested approach already exists. The Swiss
regulations [HSK/KSA, 1993] include an annual individual dose limit of 0.1 mSv y-1 at
any time after site closure and a 1 in a million risk limit for unlikely events and
processes. Relaxation (unquantified) of these limits may be acceptable if the number of
persons exposed at these levels is very small; the converse also applies. Thus, here, the
size of the most significant population is taken into account, not with a collective dose
limit but with a possible variation in the individual limits. It can be seen, then, that the
Swiss approach of decreasing the limits for larger groups and increasing the limits for
smaller groups is quite "equitable".
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11
UPDATE ON DATA RELATED TO FAULT DISPLACEMENT AND

VIBRATORY GROUND MOTION HAZARD AT YUCCA MOUNTAIN FOR

USE IN EPRI PERFORMANCE ASSESSMENT (KEVIN J.

COPPERSMITH)

11.1 Introduction

1.1.1 Progress Report

This report summarizes the data and analyses that have become available related to the
fault displacement and vibratory ground motion hazard to the proposed repository at
Yucca Mountain, Nevada. The data sets that are summarized in this report come
primarily from the ongoing DOE Yucca Mountain Tectonics Program being conducted
by the U.S. Geologic Survey. In addition, the probabilistic seismic hazard analysis
(PSHA) being conducted for the site, under sponsorship by DOE and managed by the
USGS, has provided for the compilation of many of the applicable fault data and
ground motion data of potential use for this analysis. Three basic activities are being
conducted that pertain to an update of the EPRI earthquake hazard analysis: 1)
geologic/paleoseismic investigations of the faults in the site vicinity, 2) preliminary
analyses of site-specific fault displacement information, and 3) ground motion analyses
of "scenario" earthquakes. These activities are discussed below.

The Tectonics Program and the PSHA studies are not yet complete (the PSHA is in the
early stages and nearly all activity on the project has been deferred until FY 97).
Therefore, data reports are in various stages of completion. For example, all of the
Quaternary faults in the site vicinity have been the subject of considerable geologic and
paleoseismic investigation over the past three years. Over forty exploratory trenches
have been dug and logged during these investigations. The interpretation of the trench
data in terms of important fault behavioral characteristics for hazard analysis (e.g.,
geometry, segmentation, maximum magnitudes, slip rates, recurrence intervals) is not
yet complete. In some cases, interpretations have been made, documented in data
reports, reviewed by the USGS, and are available for release. In other cases, the data
reports are not yet complete and/or they have not yet been reviewed internally. We
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have attempted to include all available data in this summary with the understanding
that it is subject to revision as the program continues.

As an auxiliary activity to the PSHA, the USGS conducted an analytical task designed
to arrive at site-specific relationships for use in fault displacement analysis. Recall that
in past EPRI fault displacement analyses, estimates of the amount of displacement and
the geometry of displacement were, to a large extent, based on worldwide empirical
relationships. The worldwide data bases included observations of coseismic fault slip
that may or may not have direct applicability to the faults at Yucca Mountain. The
USGS analysis looks specifically at the faults in the Yucca Mountain site vicinity (those
for which the data have been compiled and analyzed) and attempts to develop 'site-
specific' relationships based on the paleoseismic observations. The preliminary results
of this study have been summarized in a report (Swan, in press) and will eventually be
updated to include the data from the remainder of the studies at Yucca Mountain.

In the ground motion area, the USGS program has been compiling ground motion
recordings applicable to Yucca Mountain, examining the site conditions at the site, and
evaluating the variability of ground motions for a number of earthquake "scenarios"
that are believed to represent expected scenarios that might ultimately come from the
PSHA (i.e., a large nearby M 6.5 event and distant larger events). The analyses and
results of these ongoing studies have been discussed in USGS-sponsored meetings but
are expressly not available for external consumption, including this EPRI study. As
part of the PSHA, a ground motion expert panel was established and one workshop
was held to identify data needs. With termination of funding in FY 96, the PSHA study
has been deferred for one year and there are no ground motion inputs that can be used
for this round of the EPRI performance assessment. Therefore, updating of the ground
motion attenuation inputs is not discussed below.

11.1.2 Context of Earthquake Hazard Evaluations at Yucca Mountain

Site characterization, design, and performance evaluations for high-level nuclear waste
repositories must consider the effects of surface faulting on natural and engineered
containment barriers, underground shafts and tunnels, and the surface facilities that
support the repository (DOE, 1988,1995; Swan and others, 1991,1993; Silva and others,
1994; Swan, in press). The historical approach to mitigate fault displacement hazard at
nuclear reactor sites by avoiding locations that have active faults is not suitable for
high-level nuclear waste repositories for two reasons: (a) the design and performance
requirements for repositories are inherently different than those for nuclear reactors
and (b) the large size of geologic repositories makes this approach unreasonable
because it is unlikely that a completely fault-free site can be found. Fault rupture
hazards can be mitigated by establishing set-back distances from fault traces,
demonstrating that the nature and amount of deformation can safely be accommodated
for in the design, or the probability of occurrence and/or possible adverse effects are
acceptably low. This report summarizes the status and results of studies that are
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earthquake ground motions can be used to incorporate the uncertainties and variability
that accompany the inherent randomness of the faulting processes, as well as the
uncertainty that results from limited data and simplified models of faulting.

An underlying assumption in methodologies to assess the potential for surface fault
rupture is that future fault slip will reoccur at the same locations and in the same
manner as past displacements (Bonilla, 1979; Swan and others, 1991, 1992; Swan, in
press). It is assumed that future fault displacements will occur only on pre-existing
faults and that the likelihood of future displacements is related to the frequency of the
most recent past displacements. The tectonic forces that cause faulting are assumed to
be constant over the geologically short period that is of concern for engineered
structures. A second well-established assumption is that earthquake size is
proportional to the rupture dimensions and average displacement. Magnitude and
moment relationships are useful for making quantitative links between earthquake size
and coseismic deformation, thereby enabling one to relate faulting parameters derived
from geological data to earthquake source parameters, and vice versa.

11.2.1 Fault-Specific Paleoseismic Data

Where fault traces intersect structures, systems, or components of the proposed
repository, the most reliable assessments of the potential for future fault displacements
are those based on paleoseismic data along the fault. Detailed analysis of the
stratigraphic and structural relations between the fault and the Quaternary deposits,
soils, and geomorphic surfaces associated with the fault can be used to reconstruct the
history of Quaternary faulting, or to demonstrate the absence of Quatemary faulting.
Factors that should be considered in fault displacement analysis include: the location
of active faults relative to the site; the three-dimensional geometry of the faults,
including any secondary faulting or folding; the sense of net slip; net tectonic
displacement per event; the cumulative displacements and ages of displaced geologic
units (slip rates); and variations in displacement along strike.

Paleoseismic investigations at more than 40 locations are providing information on the
amount of slip per event, recurrence intervals for surface-faulting earthquakes, and
Quaternary slip rates along the principal interblock faults in the vicinity of Yucca
Mountain. Analysis of the results of the paleoseismic investigations has not been
completed, especially determination of the timing of past events. Reports summarizing
the results of paleoseismic studies within the site area (i.e., the faults shown on
Simonds and others, in press) are in various stages of completion. The current U.S.
Geological Survey plan is to develop summary reports for groups of faults, although
some reports providing details of selected faults/trenches also are being prepared. The
two primary summary papers of the major block-bounding faults in the Yucca
Mountain area include: (1) faults east of Yucca Mountain by Menges and others (in
press) on the Paintbrush Canyon, Bow Ridge, and Stagecoach Road faults and (2) faults
west of Yucca Mountain by Whitney and others (in prep.) on the Solitario Canyon,
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Fatigue Wash, Windy Wash, Crater Flat, and Southern Crater Flat faults. Additionally,
Taylor and others (1995) describe the results of paleoseismic and geologic studies along
the Ghost Dance fault within the repository block, and Swan and others (in press)
report the results of geologic and paleoseismic studies that provide data to evaluate the
surface faulting potential at the site of prospective surface facilities in Midway Valley.
This section briefly summarizes the status and preliminary results of paleoseismic and
geologic studies within the Yucca Mountain Site area. These studies vary in their
degree of completion, and the results reported here are not final and may change
somewhat as data collection and analysis proceed.

The available data on the vertical displacements associated with paleoseismic events
observed in trenches and natural exposures along the main interblock faults to the east
of Yucca Mountain (Table 11-1). The results of paleoseismic studies confirm the initial
assessments of low activity (i.e., slip rates on the order of 10.2 mm/yr and recurrence
intervals on the order of 104 years) for interblock faults in the Yucca Mountain area. No
evidence of Quaternary displacement has been found along any of the intrablock faults.

11.2.1.1 Interblock Faults

Menges and others (in press) summarize the results of paleoseismic and geologic
studies along the Paintbrush Canyon, Bow Ridge, and Stagecoach Road faults. Reports
providing detail of individual trenches also are being prepared for a study site along
the Paintbrush Canyon fault and for the entire Stagecoach Road fault (Swan and others,
in press; Menges, pers. comm.; Whitney, pers. comm.). Table 11-1 summarizes the
paleoseismic characteristics of these faults. Paleoseismic interpretations from trenches
and natural exposures on these faults indicate multiple middle to late Pleistocene
surface faulting events. The dip-slip displacements for individual faulting events, as
determined from trenches, are 10 to 40 cm for the Bow Ridge fault, 40 to 150 cm for the
Paintbrush Canyon fault, and 40 to 100 cm for the Stagecoach Road fault. A small
component of left-oblique movement is indicated by lineations within the fault plane
along the Bow Ridge and Paintbrush Canyon faults; these indicate that the slip may be
larger by factors of 1.1 to 1.7. The predominately dip-slip displacements along the
Stagecoach Road fault are increased 10 to 50 percent by local hanging-wall deformation
near the fault's main trace. Relatively long recurrence intervals of 20 to 100 ky are
indicated for the Paintbrush Canyon and Bow Ridge faults based on available age
control. Fault slip rates are 0.004 mm/yr on the Bow Ridge fault, 0.007-0.01 mm/yr on
the Paintbrush Canyon fault, and 0.03-0.05 mm/yr on the Stagecoach Road fault. The
Paintbrush Canyon and Bow Ridge faults can be segmented based on geometric
constraints, but surface ruptures are considered to have occurred along the entire
length of the Stagecoach Road fault. Rupture scenarios linking the Paintbrush Canyon
and Stagecoach Road faults are permissible but deemed unlikely (Whitney and Muhs,
1991; Menges and others, in press).
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I-A Fault' Cumulative Quaternary Vertical Slip rate (rnun/yr) Age of Averagc References

(length in km) Vertical Displacement/Event (m) MRE' RV'
Displacement Tiva (ky)
Canyon Member

_ _ _ _ _ _ _ _ _ _ _ _ _ ~~~~(in) _ _ _ _ _

Average Range Post Tiva Quaternary
(no. of events) Canyon (range)

_______________________ ~~~~~ ~~~~~(range)' _ _ _ _ _ _ _ _ _ _ _ _

Paintbrush Canyon Menges and others (in press)
(24-260 Swan (in press)Swan and others (in press)

Trench A-1 <200? 0.17 (2-3) 0.06-0.4 0.002(0.001. LP-H? 80-100
0.004)

Trench MWV-T4 <230U±20 0.55 (4+) 0.2-1.4 0.016.0.019 0.017(0.013- LP-H? 50-125
0.025)

Busted Butte <205? 0.86 (6-7) 0.3-1.6 _ 0.007 (0.002- LP 20-50
____________________ _______ ~~~~~~~ ~~ ~~ ~~0.01) _ _ _ _ _ _ _ _ _ _

Menges and others (in press)
Midway Valley 40-60 _ - 0.0015-0.0038 .- Ponce (1993)
(5-6) 20-50 Swan and others (in press)

Swan (in press)
Not trenched__ _ _ _ _ _ ___ _ _ _ _ _ _ _ _

Swan (in press)
Exile Hill ,15-30 Fractures (_2) _ •0.001-0.002 0.000 MP-LP _ Swan and others (in press)
(2-6) No displacement

Trenches MWV-T,5
-T6 & -T7_ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ __ _ _ _ _ _ _ _

Bow Ridge 130±5 0.18 (2-3) 0.12- 0.01+ 0.004 (0.002- LP 40-90 Menges and others (in press)
(6-10) 0.30 0.02) Swan (in press)

Swan and others (in press)
Trench 14, 14C, & 14D _____________ _________Taylor and Huckins, 1995)
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Ghost Dance Taylor and others (1995)
(6-8)

Trench 2 _ None (0) - _ 0.000 _

Trench 4 - None (0) - _ 0.000 _

Trench 4a (GDF-T2) - None (0) - - 0.000 _

Whale Back Ridge 30 Fracture (1?) - 0.002 0.000
Trench (GDF-TI)

Stagecoach Road Menges and others (in press)
(5-7) Swan (in press)

Trench SCRT-1 400-600 0.5 (2-4) 0.4-0.6 0.038±0.008 0.05 (0.02-0.07) LP-H 10-30

Trench SCRT-3 400-600 0.09 (3-5) 0.7-1.1 0.038*0.008 0.03 (0.006-0.04) LP-H 10-30

Solitario Canyon - 0.55(4) 0.1-1.4 0.02 (0.01-0.03 LP 20-100 Ramelli (in review)
(18) Ramelli (pers. comm.)

Trenches T8, TSA,
SCF-Tl, SCF-TIA,
SCF-T2, SCF-T3,
and SCF-T4

Fatigue Wash 0.5 (3-6) 0.25-1.05 -(0.001-0.01) LP -125 Core and others (1995)
(16) J. Coe (written comm.)
Trench CF-I

Windy Wash -(7) . 20.0015 H -75 Whitney (1986)
(20)
Trenches CF-2, -2.5, -3 .
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Crater Flat _ _ _ _ _ LP-H? -. Coe (perscom.)
(8-11)

Trench CFFr2a

Southern Crater Flat _ _ _ _ - H E. Iaylor (pers. corn.)
(4-8)

Trench CFFTla .

Bare Mountain 1(1 _ -0015 MP-LP >IOD Andersen and Klinger (in
(17) press)

Anderson (pers. corrm.)

I Pault locations shown on Figure 11-1; Fault lengths taken from references or measured from Sitnonds and others (in press); Paleoseismic
trenches or study sites are given below fault length

2 Calculated using age of 13 Ma for the Tiva Canyon Member
' MRE + most recent event; MP = middle Pleistocene; UP = late Pleistocene, H = Holocene; queried where uncertain.
' Average recurrence interval based on paleoseismic data
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In 1996, Whitney and others (in prep.) will prepare a report that summarizes the results
of paleoseismic evaluations on the Solitario Canyon, Fatigue Wash, Windy Wash,
Crater Flat, and Southern Crater Flat faults. Because the report is presently
unavailable, the following discussion of these faults is based on published abstracts,
unpublished papers (where available), and personal communications with
investigators.

Detailed studies of four trench sites along the Solitario Canyon fault indicate that four
middle to late Quaternary surface faulting events have occurred primarily as near-
vertical fissure openings extending steeply upward from the main west-dipping
bedrock fault plane (Ramelli and others, in review). Cumulative dip-slip displacement
is approximately 2.2 m based on stratigraphic offsets and geometric requirements of
fissure widths. The amount of slip per event is variable and is approximately 1.0 to 1.4
m for larger events and 0.1 to 0.4 m for smaller events. The average recurrence interval
for late Quaternary surface faulting events is about 40 ky (range 20-100 ky). The
preliminary estimate of the average slip rate ranges from 0.01 to 0.03 mm/yr with a
preferred value of 0.02 mm/yr.

The Fatigue Wash fault was investigated by Coe and others (1995) in Trench CF-1 in
Crater Flat, where there is evidence for 3 to 6 surface faulting events. The fault has
good geomorphic expression as indicated by the 1.6-m-high scarp in middle to late
Pleistocene units near the trench. The most recent event is interpreted to be late
Pleistocene in age (i.e., 20-70 ka). Vertical displacement per event ranges from about 25
to 105 cm. A 500 ka age for the oldest soil-stratigraphic unit in the trench and a
preferred interpretation of 5 events indicates an average Quaternary recurrence interval
of about 125 ky. The average Quaternary slip rate is estimated to be 0.001 to 0.01
mm/yr based on 2.1 m of cumulative vertical displacement from the last four events.

The Windy Wash fault was studied in three trenches by Whitney and others (1986) who
report a minimum of seven episodes of faulting. The fault has been studied more
recently by Whitney (pers. comm.); however, the results of that study will be presented
by Whitney and others (in review) and are unavailable as of this writing. The prior
report indicates that the most recent surface faulting event on the Windy Wash fault is
Holocene (6.5-3.0 ka - thermoluminescence dates) based on offset of the modern Av soil
horizon. A 75 ky recurrence interval is based on uranium-trend dating of older events.
More recently, samples have been collected for additional uranium-series dating, but
these dates are pending.

The Crater Flat fault, north and Crater Flat fault, south are being studied by J. Coe
(USGS, pers. comm.) and E. Taylor (USGS, pers. comm.) (Figure 11-1). Fieldwork is
completed, and the analyses of dating sample are pending. Report writing will begin
in the spring of 1996. Trenches on both faults exhibit evidence of multiple Quaternary
surface faulting events. Paleoseismic characteristics of these faults are unavailable
because of the preliminary nature of the work. The youngest event on the Crater Flat
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fault, south appears to disrupt the surface Av horizon which is estimated to be
Holocene in age, whereas, the surface Av does not appear to be disrupted by the Crater
Flat fault, north. At present, there is large uncertainty as to whether the Crater Flat
fault, south connects with the Crater Flat fault, north and/or to the Windy Wash fault
a. Coe, USGS, pers. comm.). Additional paleoseismic data on these fault should be
available sometime this summer.

Figure 11-1 Map showing locations of faults and trenches for Quaternary fault studies
in the Yucca Mountain area.

11.2.1.2 IntrablockFaults

Taylor and others (1995) have conducted paleoseismic, geomorphic, and geologic
studies of the Ghost Dance fault that indicate a lack of significant Quaternary fault
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activity (Table 11-1). Topographic profiles across the fault show a lack of geomorphic
features indicative of young activity. Four trenches were excavated in Quaternary
alluvium across the trace of the Ghost Dance fault. Two of the trenches exposed
fractured bedrock, and a single fracture with no offset in dense carbonate and silica
was observed in one trench. The origin of this fracture is uncertain, and it could be
either tectonic or non-tectonic. The unfaulted and fractured alluvial sediments in the
trenches were estimated by uranium-series methods and soil-stratigraphic comparisons
to be middle to late Pleistocene in age. Taylor and others (1995) conclude that there is
no evidence for Quaternary activity on the Ghost Dance fault, with the exception of a
single fracture in the carbonate and silica.

Midway Valley lies within the Midway Valley structural block and is the proposed
location of prospective surface facilities of the proposed repository. Fault
investigations by Swan and others (in press) have importance for both assessing the
location and activity of intrablock faults beneath the prospective surface facilities and
as analog studies for assessing fault displacement through the repository block on
faults such as the Ghost Dance. North- to northeast-trending faults and northwest-
trending faults were identified in the Tertiary strata beneath alluvial and colluvial
sediments in Midway Valley based on geologic, geophysical, and paleoseismic data.
These data indicate north- to northeast-trending faults, including the Exile Hill fault
along the eastern base of Exile Hill (Table 11-1) and additional faults beneath the
surficial deposits of Midway Valley. These faults have no geomorphic expression, and
two north- to northeast-trending zones of fractures in subsurface middle to late
Pleistocene deposits at the prospective surface facilities site apparently are associated
with these faults. Northwest-trending faults include the West Portal and East Portal
faults, but no disruption of middle Pleistocene and older deposits is evident by these
faults. No displacement of lithologic contacts and soil horizons could be detected in the
fractured Quaternary sediments, and any significant displacement can be precluded
with a resolution of less than a centimeter in most cases. The results of Swan and
others (in press) demonstrate the absence of any significant late Quaternary faults at the
prospective surface facilities site within the western part of the Midway Valley block.

11.2.2 Empirical Relations Based on Historical Earthquakes

Several empirical relations have been developed that relate the size of an earthquake to
various source parameters based on historical earthquakes. The relation between
surface rupture length and average surface displacement by Wells and Coppersmith
(1994) is particularly useful in estimating the size of fault displacements. Assuming the
fault is an independent seismogenic source, one only needs a measure of the expected
rupture length, which can be obtained based on geologic mapping of the fault, to
derive an estimate of the expected displacement. For example, Swan (in press)
compares the predicted fault displacements based on the Wells and Coppersmith (1994)
relation and the estimated average displacement per event based on paleoseismic data
for faults along the east side of Yucca Mountain. His results suggest that the
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Quaternary displacements on the interblock faults at Yucca Mountain behave in a
manner that is consistent with worldwide historical surface-faulting events.

This approach, however, may not be applicable to intrablock faults within the Yucca
Mountain and Midway Valley structural blocks (e.g., the Ghost Dance and Exile Hill
faults) (Swan, in press). These faults are very short, only a few hundred meters to a
few kilometers long. The data that were regressed by Wells and Coppersmith (1994)
contain no fault ruptures shorter than about 3 km and only two events shorter than 10
km. Swan (in press) has applied this relation to the Exile Hill fault gives an expected
displacement per event of 6 to 20 cm, but the evidence from trenches clearly indicates
that there has been no measurable displacement on this fault for hundreds of thousands
of years (Swan and others, in press).

As described above, no evidence for Quatemary displacement has been found along
the Ghost Dance fault. Unfortunately, Quaternary sediments along the washes that
cross the Ghost Dance fault are not very old (generally late Pleistocene to Holocene;
Taylor and others, 1995). Consequently, the direct evidence for no Quaternary activity
on the Ghost Dance fault is not as compelling as the evidence along the Exile Hill fault.
Because Quaternary faulting cannot be precluded, other methods are needed to assess
the potential displacement on the short, small-displacement intrablock faults that lack
Quaternary cover, which are common at Yucca Mountain.

11.2.3 Site-Speciflc Fault-Scaling Relationships

Most Quaternary faults at Yucca Mountain have been studied in detail, and although
the faults themselves may not pose a primary rupture hazard, these studies provide
data that can be used to assess the rupture hazard along other faults in the area for
which the Quaternary faulting record is incomplete or unclear (Swan, in press). These
detailed investigations provide calibration data useful for developing analogs for faults
of interest. In addition, these data caA be used to develop site-specific scaling
relationships between displacement per event and cumulative bedrock displacement or
fault length.

Swan's (in press) analysis of the relationship between fault length and single-event
displacement measured from paleoseismic investigations along selected faults at Yucca
Mountain indicates that the longer faults have larger displacements per event (Figure
11-2). Additionally, he points out that the Yucca Mountain faults do not seem to differ
significantly from those of the global data set of Wells and Coppersmith (1994).

Comparing the size of single-event Quaternary displacements on selected Yucca
Mountain faults to the cumulative displacement of bedrock units measured at points on
the faults near the paleoseismic study localities, Swan (in press) suggests that there is a
strong relationship between these parameters (Figure 11-3). Sections of the faults
having large cumulative vertical displacement appear to be associated with larger
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average vertical displacements per event than those having relatively smaller
cumulative slip. When data from the rest of the Quaternary faults in the vicinity of
Yucca Mountain are compiled, regressions of these data may provide a useful
relationship to derive the expected displacement per event from measurements of the
cumulative bedrock displacement.
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Figure 11-2 Example of site-specific scaling relationship between maximum fault
lengths and displacements per event for Yucca Mountain faults.
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12
THERMO MECHANICAL ANALYSIS OF THE

EMPLACEMENT DRIFTS AT YUCCA MOUNTAIN

(JOHN KEMENY)

12.1 Introduction

Yucca Mountain, Nevada is the proposed site for the underground storage of civilian
high level nuclear waste. The repository will be located in a welded unit of the
Topopah Spring tuff at a depth of approximately 350 meters. The host rock
surrounding the underground repository will be subjected to thermal loads from the
emplacement of the nuclear waste. In the most current design, the waste canisters will
be placed horizontally in the drifts, and the thermal loading will depend on the age of
the waste, the thermal characteristics of the waste, and the density of waste per acre.
The temperatures and thermal stresses induced in the rock due to the thermal loading
also depend on the thermal, mechanical, and hydraulic properties of the rock.
Understanding the thermo-mechanical response of the host rock to various thermal
scenarios and material property uncertainties is one of the important issues for the
design of the underground facility. In particular, the thermally induced stress in the
rock, in conjunction with the in-situ stress state, could cause joints to slip, creating a
damage zone around the drifts. Rock blocks in the roof could loosen and fall,
presenting a safety hazard, restricting access to the drifts, and damaging waste
canisters. Even if rockfall does not occur, rock damage around the drifts could alter the
hydraulic properties of the rock in the neighborhood of the drifts.

Thermo-mechanical models of Yucca Mountain have been conducted by many different
investigators over the past several years. These include models conducted by EPRI and
models conducted by other investigators. Both the types of numerical models and the
assumptions and properties used in the models have varied, resulting in a wide range
of results. This variation is narrowing as more detailed material parameters are
determined for the site and as the modeling methods become more sophisticated. At
the present time many different groups are actively involved in thermo-mechanical
studies of Yucca Mountain, and for the most part the results from these studies are not
yet available.
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This report describes the results of a thermo-mechanical analysis of the emplacement
drifts at Yucca Mountain. The analysis was conducted using a finite element model
that takes into account the effects of joints in the rock mass. The model also takes into
account the build up of thermal stress due to thermal loading and the time-dependent
slip of the joints due to the mechanical and thermal loads. The most up-to-date
material properties and thermal loading scenarios are used. Model parameters needed
include joint material properties, elastic material parameters, thermal loading
parameters and mechanical loading parameters. The material properties are not
constant across the repository due to the heterogeneous distribution of joints and other
discontinuities in the rock mass. Based on RQD measurements made from several
cored boreholes through the repository, the variation in the material properties in the
TSw2 tuff has been determined. Four material types ranging from strong to very weak
are used to take into account this variation. Similarly, there is uncertainty in thermal
loading due to the waste canisters. Heat transfer may be conduction-dominated, in
which case the temperatures at the wall of the emplacement drifts could rise above
1600C. However, if joints in the rock mass allow water vapor to develop convection
cells around each drift, then a plateau in rock temperature could occur at 960 C. Three
thermal loading scenarios are considered to take into account uncertainties in the drift-
wall temperatures. In total, 4 material property scenarios and 3 thermal scenarios were
considered, making a total of 12 different sets of properties. Each of these cases was
run with the finite element model. The results of the finite element runs were analyzed
in several different ways. First of all, the stability of the drifts were determined at the
times of 100, 104, and 106 years after emplacement. This analysis gives the thickness of
the damage zone as well as the likelihood of roof fall within the damage zone.
Secondly, an analysis was conducted to determine the probability of a rock block of a
given size falling from the roof of a drift.

12.2 Mechanical and Thermal Material Properties tor TSw2 Tuff

12.2.1 Methodology for dealing with uncertainties In material parameters

The repository horizon is in TSw2 tuff, a welded unit in the Topopah Spring tuff. The
intact rock strength of this unit is very high but the rock mass properties are weakened
due to the presence of a number of joint sets in addition to other discontinuities such as
lithophysal cavities and fault zones. The spatially heterogeneous distribution of these
discontinuities means that the rock mass properties will also vary in a heterogeneous
fashion. The variation in the rock mass properties is an uncertainty that must be taken
into account in the modeling. The best indication of strength variations around the
repository comes from RQD measurements from several vertical boreholes drilled
through the T'Sw2 tuff. RQD is defined as the percent of drill core made up of intact
pieces greater than 10 cm in length. The RQD varies from 0 to 100, with 100 being the
highest quality and 0 the lowest quality. A detailed analysis of RQD measurements
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from four boreholes through the TSw2 tuff site is given in Lin et al. (1993a). A
summary of their results is given below:

Table 12-1. Distribution of RQD in four vertical boreholes through TSw2 tuff

RQD Percentage of Total Cumulative Frequency of
Occurrence Occurrence (%)

0-10 1.7 1.7

10-20 8.7 10.4

20-30 17.4 27.8

30-40 12.2 40.0

40-50 15.7 55.7

50-60 13.0 68.7

60-70 8.7 77.4

70-80 9.6 87.0

80-90 7.0 93.0

90-100 6.1 100

For the modeling presented in this report, the assumption is made that the variation in
all the mechanical properties of TSw2 tuff joint properties, elastic properties, time-
dependent properties) will conform to the RQD distributions given above. The 10
categories of RQD shown above have been reduced to four categories of material type
referred to as Very Weak, Weak, Medium, and Strong. The correlation between these
four material types and the range of RQD is shown in the table below. For each
material type category, both a set of average properties and a probability of occurrence
is determined. The probability of occurrence may be thought of as the percent of the
repository that is made up of rock with that property. The probability of occurrence for
each the four material property categories are given in Table 12.2 below. Table 12.2
indicates that 10% of the repository is expected to encounter the strong properties, 70%
of the repository is expected to encounter the medium properties, 16% of the repository
is expected to encounter the weak properties, and only 4% of the repository is expected
to encounter the very weak properties. Details of the specific material properties
assigned to the four material types are discussed in the following sections.
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Table 12-2. Probability of occurrence for the four material types

Material Type RQD Range Probability

Strong 85-100 0.10

Medium 25-85 0.70

Weak 14-25 0.16

Very Weak 0-14 0.04

12.2.2 Joint properties

The joint properties needed in the modeling include the joint friction coefficient, the
joint cohesion, and the joint density. The joint friction coefficient, A, and the joint
cohesion, C, are used to define the shear strength r of a joint

I =C+jA (1)

where a is the normal stress across the joint. The joint density is a measure of the
number of joint traces in a unit surface area of rock. Based on the results presented in
Lin et al. (1993b), values for joint friction angle, cohesion, and joint density were
determined. Lin et al. (1993b) calculated these properties separately for the horizontal
joints and the vertical joints. However, recent fracture mapping in the North Portal at
Yucca Mountain shows enough scatter in the orientation of the horizontal and vertical
joints so that the assumption of random orientations is reasonable. The properties of
the horizontal and vertical joints from Lin et al. (1993b) were averaged, taking into
account the fact that there were more vertical joints than horizontal joints. Also, the
results given in Lin et al. (1993b) were broken up into five categories ranging from
weak (1) to strong (5), and these were combined into the four material types given in
Table 12-2. The joint properties are presented in the table below.
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Table 12-3. Joint properties for the four material types

Material Joint Friction Joint Density Joint Cohesion Probability
Coeff. (traces/m 2) (MPa)

Strong 1.0 1.63 16.2 0.10

Medium 0.93 3.31 7.7 0.70

Weak 0.9 5 3.84 0.16

V. Weak 0.87 10 1.25 0.04

12.2.3 Elastic Properties

The elastic properties include the Young's modulus, E, and the Poisson's ratio, tj.
Laboratory measurements on intact rock samples gives an average Young's modulus of
32 GPa and Poisson's ratio of 0.22. The rock mass Young's modulus, however, is
sensitive to joints in the rock mas, and in particular, it is sensitive to the joint density as
presented in Table 12-3. Using results given in Lin et al. (1993b), values for the rock
mass Young's modulus for the four material property types are given below:

12-4. Elastic properties for the four material types

Material Type Rock Mass Young's Modulus (GPa) Poisson's ratio

Strong 32.0 0.22

Medium 15.0 0.22

Weak 9.0 0.22

Very Weak 7.5 0.22

Table 124 indicates that the Young's modulus decreases from 32 to 7.5 GPa from the
strong to very weak material types due to the increase in the density of joints. The rock
mass Young's modulus turns out to be one of the most important parameters in
determining the magnitude of the induced thermal stresses, as discussed in Sections 4
and 6.
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12.2.4 Thermal Expansion Coefficient

The thermal expansion coefficient gives the increase in volume strain due to a unit
increase in temperature in the rock. The thermal expansion coefficient is a function of
temperature itself and is also sensitive to the saturation of the sample. A complete set
of thermal expansion coefficients for TSw2 tuff under saturated and unsaturated
conditions in 250C increments has been presented in SAND95-1955 (Sandia, 1995). The
values do not change significantly between 25 and 1500C, and for the modeling
presented in this report, the average of the values from 25 to 1500 C is used. The
average values are also not significantly different between saturated and unsaturated
conditions (8.22 and 8.66 x 10-6 /OC for saturated and unsaturated conditions,
respectively). For all the four material types, the average of these two values,
8.44x10-6 /OC, is used.

12.2.5. Time dependent properties

The long term (i.e., years or more) material properties for rock can differ significantly
from the short term (i.e., minutes or hours) properties. For instance, the long term
uniaxial compressive strength of rock can be less than one half the strength measured
in short term laboratory tests. In brittle rocks, this time-dependence is usually due to
subcritical crack growth (Atkinson, 1984; Atkinson and Meridith, 1987). Most of the
thermo-mechanical models of Yucca Mountain do not take the time-dependent
properties of TSw2 tuff into account, with the result that they may be overly optimistic
with regards to the stability of the repository. Previous EPRI studies have been
successful in directly implementing subcritical crack growth into the thermo-
mechancial models and predicting realistic long term strengths for TSw2 tuff (EPRI,
1990, 1993). In the present work described in this report, the time-dependence of the
slip along joints is of primary importance. Using the Charles (1958) law and extending
it to mode II (in-plane shear) crack growth gives:

crack velocity = A (KII/Ko)n (2)

where K]I is the mode II crack tip stress intensity factor, and A, n, and KO are material
constants. These material constants were determined for each of the four material types
by simulating a short-term direct shear test and comparing the results with the friction
coefficient and cohesion for that material type given in Table 12-3. The results for each
of the four material types are given in the table below:
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Table 12-6. Drift-wall temperature vs. time for the three thermal scenarios

Time (years) Temperature at Drift Wall Boundary ('C)

Alpha Gamma Beta

0.001 30 30 30

0.1 75 50 40

3 110 75 47

10 137 80 52

30 150 85 55

100 165 90 60

1000 135 75 50

3000 90 55 40

10,000 60 40 30

100,000 32 29 27

1,000,000 28 25 25

To take into account these variables and uncertainties, EPRI has adopted three thermal
loading scenarios, labeled alpha, beta, and gamma, shown in Chapter 4. These three
scenarios take into account uncertainties in the method of heat transfer and also the
timing of the placement and age of the waste. The drift-wall temperature distributions
for these three scenarios is given in the table above. The alpha case shown in Table 12-6
considers primarily heat transfer by conduction, and shows temperatures up to 1650C.
The beta and gamma cases consider convective heat transfer to be more likely, and the
drift wall temperatures do not exceed 1000C for these two cases.

12-8



Thermo Mechanical Analysis of the Emplacement Dnfts at Yucca Mountain

12.4 Review of Thermo-Mechanical Models

12.4.1 Previous EPRI models

Two previous thermo-mechanical modeling efforts have been conducted by EPRI (1990,
1992). Both of these previous studies looked at the stability of small canister boreholes
which were the original waste package design given in the site characterization report
(DOE. 1988). In the first study (EPRI, 1990), a damage model was developed and was
used to analyze the stability of a borehole subjected to mechanical and thermal loading.
The damage model took into account the presence of pre-existing microcracks in the
rock, and the growth of cracks under combined thermal and mechanical loading due to
subcritical crack growth. The mechanical and thermal properties from the original site
characterization report (DOE, 1988) were used. The model was originally used to
determine the subcritical crack growth parameters for TSw2 tuff by simulating short
term uniaxial compression tests. These properties were then used in simulating the
canister boreholes for 10,000 years following emplacement of the waste. A range of
material property values were used to simulate the expected spatial variation in
strength across the repository. The results indicated that spalling of the canister
boreholes was expected to occur under certain conditions. Most of these failures
occurred in the time period where the maximum temperature occurred, which was
approximately 20 years after emplacement.

One of the drawbacks of the first EPRI study was that the model only looked at the
stress state on the boundary of the canister borehole. In the second study (EPRI, 1992),
a finite element model was used to model the long term stability of the canister
boreholes and to determine the thickness of the zone around the borehole where
damage is occurring due to microcrack growth. The model gave the shape and
thickness of the damage zone as a function of time and different thermal loading and
material property scenarios. These results agreed with the first study in showing that
spailing will occur under certain conditions. These results also showed that when
spalling does occur the thickness is very small.

12.4.2 Thermo-mechanIcal models by other Investigators

Thermo-mechanical models have been conducted by several other investigators,
including investigators from Sandia National Labs, Lawrence Livermore National Labs,
Southwest Research Institute, Agapito & Associates, and Morrison-Knudsen. All of
these groups are presently very active in conducting modeling studies with the most
recent available information from Yucca Mountain. Because of this, most of the
investigators involved with thermo-mechanical modeling have not published their
most recent results. Descriptions of three recent thermo-mechanical models that have
been published are described below.
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Drift scale thermomechanical analysis for thermal loading and retrievability studies. Tsai, F.C. .

1995 .Woodward Clyde Federal Services, Las Vegas, NV

This study was conducted using the Discontinuous Deformation Analysis (DDA)
numerical code. This model takes into account the joints in the rock mass in a discrete
fashion, and also accounts for the time-dependent thermal loading. The most recent
material properties available at the time of the analysis were used, including a
temperature and load-path dependent thermal expansion coefficient. Two joint sets,
one approximately vertical and the other approximately horizontal were used, with
joint spacings and properties appropriate for TSw2 tuff. A two dimensional plane
strain analysis was conducted, and a single drift was modeled with roller boundary
conditions to simulate an infinite row of parallel drifts. Runs were made with room
diameters of 4.3 and 7 meters and center to center drift spacings of 20 to 27 meters.
Runs were made for the two waste densities of 83 and 111 MTU/acre. The only heat
transfer mechanism considered in this analysis was conduction. The results indicated
that the 83 MTU/acre run gave marginally stable results while the 111 MTTU/acre run
gave very unstable results. The unstable and marginally stable results are due to the
creation of large lateral stresses of 109 MPa in the 111 MTU/acre case and 73 MNa in
the 83 MTU/acre case. There are several reasons to believe that the results of this work
may be overly pessimistic with regards to the stability of the drifts. First of all, the
model simulates an infinite row of drifts instead of a finite one. Also, the model is two
dimensional and does not take into account the non thermally loaded regions in the
drift between the waste canisters. Thirdly, comparing with the most recent joint and
elastic properties in Tables 12-3 and 12-4, the model uses a joint spacing more
appropriate for the strong rock while using joint friction and cohesion values more
appropriate for the medium or weak rock. The wide joint spacing results in a rock
mass Young's modulus that is too high and thus thermal stresses that are too high for
the friction and cohesion values used, resulting in significant joint slip. Finally, the
nonlinear thermal expansion coefficient that was used is significantly higher than the
coefficient determined from the most recent tests (Sandia, 1995).

ACDR Report, March 1996. Section 8.5 - Ground Control, and Appendix B - Analysis of

Ground Stability and Support (conducted by Rick Nolting, Morrison-Knudsen)

The complete report was not available in time to review, however a summary of the
results were made available (Rick Nolting, personal communication). This thermo-
mechanical analysis was based on a two dimensional numerical code that implicitly
takes into account joints in the rock mass as well as the time-dependent thermal loading
due to the waste canisters. The most up to date mechanical and thermal properties
were used. Three material property sets representing weak, medium, and strong rock
were used which correlated with the results from Lin et al. (1993a, 1993b). A waste
density of 83 MTU/acre was used. The only heat transfer mechanism considered was
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conduction. In contrast to the first report described above, this analysis gave fairly
stable results for all three of the material types. The maximum stresses in the roof of
the drift for the strong, medium, and weak cases were 56, 30, and 16 MPa, respectively.
These stresses are significantly lower than in the report described above. The lower
roof stresses are due to the effect of the joints in reducing the rock mass Young's
modulus, and thereby reducing the induced thermal stresses. In particular, the highest
roof stresses occur in the strongest rock mass which contains the fewest joints, and the
lowest roof stresses occur in the weakest rock mass which contains the most joints. The
model used roller boundary conditions to model an infinite row of thermally loaded
drifts.

New Three Dimensional Far Field Potential Repository Thermomechanical Calculations. Hardy,

M.P. et al. Agapito and Associates, Inc. SAND92-0589

This analysis is purely elastic and assumes heat flow is through conduction only. This
analysis is three dimensional and takes into account the specific drift placement of the
waste canisters. The model simulates the heat load from waste canisters as line loads
and does not predict local stress concentrations around the drifts. Also, the model
assumes that the waste is placed in vertical boreholes below the drifts. The model
assumes a rock mass Young's modulus of 15 GPa which corresponds to the medium
material type in Table 4. This model can be used to check two of the assumptions used
in the 2D models, first the assumption of an infinite row of thermally loaded drifts, and
second the assumption that the canister loading is continuous in the third dimension.
The roof stresses cannot be compared since the three dimensional model does not
predict the local stress concentrations around the drifts. However, the lateral stress at
the center of the pillar between drifts can be compared. In the three dimensional
model, a Young's modulus of 15 GPa is used, and the peak lateral thermal stress built
up at the center of the pillar is about 13.5 MPa at a time of 100 years for waste with a
density of 80 MTU/acre. This can be compared with the results of the two dimensional
model presented in section 5 of this report which gives a peak lateral thermal stress of
12.5 MPa at the center of the pillar under the same conditions. This indicates that the
two dimensional assumptions are probably not introducing a significant amount of
error.

12.5 Finite Element Model

12.5.1 Finite element model for jointed rock mass

A two dimensional finite element model is used in the present analysis. The model
considers a rock mass containing any number of joints with any assumed orientation
distribution. Other variables indude the cohesion and friction angle for each joint, the
joint density, the size of the initial slip surfaces on the joints, and the time-dependent
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properties for progressive joint slip. Due to mechanical and thermal loading and time,
progressive slip along joint surfaces can occur, resulting in a reduction in strength of
the rock mass, localized regions of rock failure, and nonlinear drift closure.

Each element in the finite element model contains N joints. Joint i in a given element at
a given time step will have angle ei, cohesion ci, coefficient of friction A, initial slip
length loi, present slip length li, subcritical crack growth parameters A, n, and KO, and
Young's modulus E and Poisson's ratio n (the subscript i is only used on those variables
that vary from one joint to the next). Depending on the location of the element, the
geometry of the finite element mesh, the mechanical and thermal boundary conditions
and the time step, each element will be subjected to a maximum principal stress ol and
minimum principal stress 02. Joint slip in an element occurs by progressive mode II
slip due to subcritical crack growth (see equation 2). KII for a straight discontinuity
subjected to principal stresses al and 02 is given by:

KII =' I, |; (3)

where

*= ((ha - 2) sin2o - ±(ai +o2 + (1 - CF2)cos20)) (4)2

where li is the half crack length for joint i in the element for a particular time step and 0
is the orientation of the joint (measured counterclockwise from the 1 a2 axis). Initially,
an elastic solution at t = 0 is obtained. This elastic solution considers the effect of the
initial distribution of joints in each of the elements. From this elastic solution, the rate
of crack growth for each joint in each of the elements is evaluated using equations (2)
through (4). The model then marches forward in time, and the joints are allowed to
progressively slip at the appropriate rate in each of the elements using equation (2)
with an explicit Euler algorithm. Following an increment of joint slip for each slipping
joint at a time step, the elastic solution is recalculated. The output from the model gives
the number of actively slipping joints in each of the elements, the reduction in strength
that is occurring in each of the elements due to joint slip, and the nonlinear
displacements due to the joints.

12.5.2 Thermal loading

Roller boundaries are applied to simulate an infinite row of thermally loaded drifts
with a center to center drift spacing of 22.5 meters. This assumption is valid as
discussed in the previous section. The temperature vs. time relationships for the alpha,
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beta, and gamma thermal loading cases are used as given in Table 12-6. A thermal
loading of 83 MTU/acre is assumed.

12.5.3 Mechanical loading

Yucca Mountain is located in the Basin and Range Province. The Basin and Range is an
extensional regime, cut by a series of normal faults. The exact in-situ stress state at
Yucca Mountain is not known at the present time, but the most appropriate stress state
is that of the normal faulting limit where the horizontal stress is approximately one half
the vertical stress. For a repository depth of 350 meters this gives:

Normal Faulting Limit ev = 7 MPa; ah = 3.5 MPa; cH = 6 MPa (5)

where aH and ah are the magnitudes of the maximum and minimum principal
horizontal stresses, respectively. Previous sensitivity studies have indicated that the
model results are not strongly sensitive to changes in the in-situ stress state (such as
using a lithostatic assumption rather than the one above).

12.5.4 Other assumptions In the model

Additional assumptions common to all the runs are given in the table below.

Tablel2-7. Additional assumptions common to all runs

Room radius 2.5 m

Drift spacing 22.5 m

Backfill No backfill assumed

Support (rock bolts, etc.) No support assumed

Joint orientation Random

12.6 Results from the Finite Element Model

A total of 12 runs were made for the 4 material property types under the 3 thermal
loading scenarios. The results from these runs are consistent with the results of the
recent ACDR report described in section 12.4.2. In particular, the maximum roof
stresses for the very weak, weak, medium, and strong material types under the alpha
loading case are 18, 20, 28, and 56 MPa, respectively. These numbers match very well
with those given in the ACDR report. One way the model results are analyzed is to
look at the number of joints that have slipped in each of the elements at various time
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steps. Joint slip in the elements results in a damage zone around the drift that is
susceptible to rock fall and modified hydraulic properties. The results in the table
below give the thickness of the damage zone and the likelihood that rockfall could
occur in the damage zone. The thickness of the damage zone is determined by the
number of elements in the roof of the drift that contain joints that have slipped. The
likelihood of rock fall is determined by the total number of joints that have slipped in
the roof elements. The key for the table is as follows:

Key:

1 - no spalling
2 - very minor spalling (10% chance of rockfall, spall depth < 0.5 m)
3 - minor spalling (20% chance of rockfall, spall depth < 0.5 m)
4 - moderate spalling (40% chance of rockfall, spall depth < 1.0 m)
5 - drift filled with rubble (80% chance of rockfall)

Table 12-8. Thermo-mechanical results

Properties Drift Stability

Thermal Material Probability 100 yr. 104 yr. 106 yr.

Stability Stability Stability

Alpha Strong 0.10 2 1 1

Medium 0.70 3 2 2

Weak 0.16 4 3 3

Very Weak 0.04 5 5 5

Beta Strong 0.10 1 1 1

Medium 0.70 1 1 1

Weak 0.16 3 3 3

Very Weak 0.04 5 5 5

Gamma Strong 0.10 1 1 1

Medium 0.70 1 1 1

Weak 0.16 2 3 3

Very Weak 0.04 5 5 5
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In general, the results for the medium and strong material types are very stable, with
no or very minor spalling in all cases except the alpha case at 100 years, where minor
spalling is predicted to occur. The weak case is also relatively stable with very minor
or minor spalling in all cases except the alpha case at 100 years, where moderate
spalling is predicted to occur. For the very weak material type, the model predicts
excessive spalling of the drift for all cases. However, the very weak case represents
only 4% of the repository. This material type is easily identified when the drifts are
initially excavated and rock bolts and other types of support can be installed to provide
short-term support (100 years or less). Sections of the drifts in the very weak rock type
may eventually fail (> 100 years) but, as shown in the next section on rock fall
prediction, the size of the blocks to fall for this rock type will be small and are not
expected to damage the integrity of the waste canisters, even for the case of no backfill.

12.7 Rockfall Analysis

An analysis was conducted to determine the likelihood that a rock block of a given size
could fall from the roof. In the case of no backfill being used in the drifts, this is an
important problem since a large block falling out of the roof could damage and thereby
reduce the life of a waste canister. First, based on the results of joint spacing given in
Lin et al. (1993b), the range of possible rock block sizes for each of the four different
material types were determined. Since the vertical joint spacing is in general much
smaller than the horizontal joint spacing, the rock blocks in-situ are long in one
direction. However, it is likely that in the process of deformation and failure the long
blocks will break into smaller pieces, and therefore the vertical joint spacing was used
as a measure of the size of the rock blocks. Based on the results in Lin et al. (1993b),
the average and maximum block sizes for each of the four rock types is given in the
table below.

Table 12-9. Maximum and average block sizes for the four material types

Material Max Size Average Size Probability
Type (meters) (meters)

Strong 0.5 0.3 0.10

Medium 0.2 0.15 0.70

Weak 0.1 0.075 0.16

Very Weak 0.075 0.04 0.04
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The results above indicate that the largest blocks will occur in the strong material type
with a maximum size of 0.5 meters and the smallest blocks will occur in the very weak
material type with a maximum size of 7.5 cm. The probability of a rock block within a
given size range falling is the probability of that block occurring in the roof (given by
the probabilities in Table 12-9) times the probability of the block falling (given by the
probabilities in the key for Table 12-8). This has been calculated for the two time
periods of 1) in the first 1000 years after emplacement of the waste and 2) after 1000
years. These results are presented in the table below.

12-10. Results of the Rock Fall Analysis

Properties Rtock Fall

Thermal Material Max Size Ave Size Probability in Probability after
(meters) (meters) the first 1000 the first 1000

years years

Alpha Strong 0.5 0.3 0.01 0

Medium 0.2 0.15 0.14 0.07

Weak 0.1 0.075 0.064 0.032

Very Weak 0.075 0.04 0.032 0.032

Probability 0.754 0.866
of not falling

Beta Strong 0.5 0.3 0 0

Medium 0.2 0.15 0 0

Weak 0.1 0.075 0.032 0.032

Very Weak 0.075 0.04 0.032 0.032

Probability 0.936 0.936
of not falling

Gamma Strong 0.5 0.3 0 0

Medium 0.2 0.15 0 0

Weak 0.1 0.075 0.016 0.032

Very Weak 0.075 0.04 0.032 0.032

Probability 0.952 0.936
of not falling
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The table above shows many interesting results. First of all, it shows that for the alpha
thermal loading scenario, the probability of the largest rock blocks falling is the lowest
(1% before 1000 years, 0% after 1000 years) followed by the smallest rock blocks (3.2%).
The rock blocks from the medium rock type have the highest probability of falling (14%
before 1000 years, 7% after 1000 years) for the alpha thermal loading case. Finally, for
the alpha loading case, the probability of no rockfall of any size is 75% before 1000
years and 87% after 1000 years. Comparing the alpha thermal loading case with the
other two cases, it is clear that the alpha case is significantly less stable than the other
two (93-95% chance of no rockfall for the beta and gamma cases). Also, in all cases but
one, the repository is more stable after 1000 years than before 1000 years. This is due to
the fact that the repository significantly cools by 1000 years, eliminating the thermal
stresses in the rock surrounding the drifts.
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13
PROBABILISTIC VOLCANIC HAZARD ASSESSMENT

AT YUCCA MOUNTAIN (MICHAEL SHERIDAN)

13.1 Summary Statement

This assessment is based a probabilistic volcanic hazard assessment made over an 18
month period in 1995-96 by an expert panel of 10 volcanologists administered through
a Methodology Team headed by Geomatrix Consultants, Inc. and sponsored by DOE.
The expert panel met at four two-day open workshops and took 2 field trips to Crater
Flat. In addition, each individual of the panel provided a personal elicitation to
Geomatrix personnel and the methodology team in San Francisco. The final results of
that panel (Geomatrix, 1996) were published in a document, called here the PVHA
Report, which contains a complete descriptions of the details of the process,
methodologies, data and conclusions. The text that follows summarizes the key issues
and main results from the PVHA Report. Included in this account is a more detailed
explanation of my own rationale which is taken from my elicitation statement cited in
the PVHA Report.

The aggregate estimate for annual probability of magmatic intrusion at the proposed
repository of Yucca Mountain made by the 10 expert panel members for the PVHA
Report is 1.5*104 with 5% and 95% confidence bounds of 5.4*1010 and 4.9*104,
respectively. Based on the model I developed for the expert panel, my estimation for
the long-term (the next 10,000 to 100,000 years) annual probability of an intersection of
a volcanic event with the proposed repository is 1.8*104 with uncertainty bounds of
2.9*104 and 4.7*104 at the 5% and 95% confidence levels, respectively. This estimate has
less uncertainty than the one I prepared for EPRI (Sheridan, 1992) because it takes into
account many more models, data, and types of uncertainty than were available earlier.

For the short term of the next 1000 years the only real possibility of activity in the Yucca
Mountain area would be a resumption of eruptions associated with the Lathrop Wells
center. Such an eruption would be centered near Lathrop wells and would lie on a dike
system like the ones described in the following text. The annual probability of a dike
related to this type of event having an intersection with the repository is about 2*10-7,
assuming that the Lathrop Wells system is still active.
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Because my model and resultant estimate is based on the assumption of a
homogeneous temporal probability over the period of the past 5 million years, my
annual rate estimate of 1.8*10-8 would apply for a period of one million years in the
future as well. This argument may not apply for all other expert panelists, depending
on their temporal probability models.

13.2 Considerations of the PVHA panel

The PVHA panel represented a diversity of experts with different backgrounds who
evaluated the data independently, interacted with other panel members to support
their opinions, but formulated their own models independently. They all heard
evidence presented by a wide variety of experts at a series of hearings and read a great
volume of literature regarding the questions at hand. In the end, each expert used an
independent method to arrive at their assessment of the risk involved. The various
factors that played a role in their conclusions were: event definition, designation of
region of interest, choice of spatial models, methods of field and event counts, use of
rates of occurrence, visualization of event geometries, and speculated types of
eruptions that might occur. These factors, as potentially used by the panel, are briefly
described below.

Event definition. This parameter involved estimating the event duration,
determination of event counts related to surface cones and lavas, and estimation of
events in relationship to subsurface features.

Region of interest. Each panelist defined one or more zones based on tectonic
influence, geologic influence, magma generation, and other factors. The behavior of
expected volcanism within each zone was considered to follow a single pattern.

Spatial Models. Several models were used by the investigators including homogeneous
(Poisson) models, locally homogeneous zones, binormal Gaussian distributions, and
non-homogeneous Poisson models. Smoothing kernels included Gaussian or
Epanechnikov parameters.

Field and event counts. These were based on mapped events as well as hidden events.

Rates of occurrence. Several time periods of interest were used by the investigators
including: 1 Ma, 5 Ma, and 10 Ma intervals. The rates were considered as
homogeneous (Poisson) or non-homogeneous (Weibull). One panelist use a volume
predictable rate formulation.
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Event geometries. Each person estimated the length and orientation of dikes as well as
their size distribution type and aspect ratio of dike fields. Some used a bimodal dike
orientation frequency.

Types of eruptions. The probability of various types of volcanic events (basaltic scoria
cones, basaltic lavas, hydrovolcanic events, and silicic volcanism) were evaluated.
Emphasis was place on the most probable type.

The conclusions of the expert panel were based on a diversity of models and
parameters and individuals expressed a wide range in the level of confidence that they
applied to the data. However, there is a surprising agreement among panelists in their
risk estimations (See Table 13-1).

Table 13-1.
Annual probability of magmatic intrusion into the proposed respoitory. Summary
of expert panel estimates in PVHA, 1996

Percentile

Exnert 5th 50& 95th

Alexander McBirney

Bruce Crowe

George Thompson

George Walker

Mel Kuntz

Michael Sheridan

Richard Carlson

Richard Fisher

Wendell Duffield

William Hackett

aggregate

6.9 *1010

7.4*10W1

4.3*104 1.8*104

1.1*104 3.5*104

7.2*104 3.3*104 7.4*104

9.7*10.10 5.8*104 1.5*104

3.2*1010 9.9*104 3.1*104

2.9*104 1.8*104 4.7*104

1.0*104 1.4*104 4.5*104

3.4*104 1.8*104 4.1*104

8.7*10.1 1.6*104 4.3*104

5.6*104 3.0*104 7.8*104

5.4*10.1 1.5*104 4.9*104

(about 1/3 of uncertainty was between individuals, 2/3 of uncertainty was within each
individual)
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13.3 Tectonic Setting

Over the past 15 Ma basaltic volcanism in the Basin and Range of western USA has
been episodic within defined fields; new fields have appeared randomly over a broad
regional area during this time. Conditions for persistent basaltic volcanism were
created by: (1) subduction of either the East Pacific Rise or new basaltic crust generated
near the rise beneath the North American plate which caused an abnormally high
thermal regime within the lithosphere, (2) cessation of widespread subduction-related
rhyolitic volcanism that produced ash-flow sheets and calderas, and (3) gradual
separation of triple points along the western margin of North America, behind which
an extensional tectonic regime allowed the rise to the surface of dominantly basaltic
magmas. As the two triple points diverged along the western margin of the North
American Plate, subduction related effects died as extensional features developed
(Atwater 1970). The cessation of subduction related to plate impingement began about
20 Ma ago and the conditions for dominantly basaltic volcanism reached the Yucca
Mountain area about 10 Ma ago. Extensional tectonism associated with basaltic
volcanism continue to the present at this location (Christiansen and Lipman, 1968;
Luedke and Smith, 1981). Because it is not clear whether volcanism has been waxing or
waning in the vicinity of Yucca Mountain in the past 5 Ma, the more recent geologic
record is considered to be the best indicator of what can be expected in the future.

Due to the strong clustering of mapped volcanoes, future volcanic eruptions in the
western USA will most likely occur again within the boundaries of established fields.
In particular, those fields with the highest recurrence rates are the most probable sites
for future volcanism. Volcanic events outside of known fields represent the initiation
of a new field; an event much less likely than an another eruption within a field. Older
calderas in the Basin and Range Province could be responsible for localizing small
basaltic fields or volcanic centers, provided that their silicic magmas have solidified
(Smith and Bailey, 1968; Smith, 1979). This is due to the penetration of these structures
through the crust causing attendant fracturing and weakening of surrounding rocks.
Basaltic fields such as Sleeping Butte, Thirsty Mesa, and Buckboard Mesa near the
Timber Mountain Caldera could be examples of such a mechanism, although this
hypothesis has yet to be proven for these sites.

The basic process leading to volcanism involves generation of a melt from a source
zone within the aesthenosphere and the migration of the magma to the surface where it
erupts. At the present there is not much spatial or temporal predictive power to
magma generation models (i.e., they are not useful in predicting where and when
future volcanoes will occur in the Basin and Range). The typical lifetime of Late
Cenozoic volcanic fields in the Southern Basin and Range Province of Arizona is 1 to 15
Ma (Nealey and Sheridan, 1989), suggesting that source zones may be active for at least
this duration. The reason why repeated activity occurs within fields rather than being
widely dispersed is not well understood. Volcano clusters may correspond to the
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distribution of melt source zones or they may be the location of leaky places in the
system where magma can escape more easily.

The state of stress in the lithosphere is very important in assessing the near-surface
locations of volcanism because the migration of basaltic magma to the surface is
favored by extension (Delaney and others, 1986). Near-surface faults do not play a
major role in the location of volcanic fields, but faults may have some influence on the
locations of smaller features such as vents and cones. For example, the number of
cones decreases with distance from some faults. However, the use of faults in
developing a spatial model of volcanism is not sufficiently understood to be warranted
in a model of volcanic forecasting.

13.4 Event Definition

13.4.1 Temporal Aspects

For my evaluation I considered an event to be equivalent to an "eruption cycle" or an
"eruptive episode" in which active periods of eruptions occur between quiescent
phases. An active period typically includes short pauses and may extend from several
years to thousands of years. The spatial arrangement is the most important
characteristic to consider in identifying events. The uncertainty associated with dating
young basaltic volcanic rocks, such as those in the region of interest, is about 100 Ka.
Because of the large uncertainties of age-dates (Crowe and others, 1995), a long-
duration and large-sized event was used for this model. Therefore, the time-frame for
an event is assessed to be 100 Ka.

13.4.2 Spatial Aspects

The spatial relationships among eruptive features are the most important criterion for
identifying events in the region of interest because of the lower precision of
geochronologic data. A single event may produce 0 to 5 or more cones. For example,
the Paricutin eruption of 1943-52 produced several cones and exhibited many different
phases (Foshag and Gonzalez, 1956). For my model the cones must be associated with
a single linear dike or a dike system with more complex geometry. If eruptions of
similar ages (i.e., ±100 Ka or less) cannot be linked by a single linear dike or dike
system, then they are considered to be separate events. Dikes feeding individual cones
have the most frequent dimension of about 1.0 to 2.5 km (Delaney and others, 1986;
Sheridan, 1992) and dike systems feeding multiple cones may be as long as 15 km in the
broad region of the western Great Basin. Longer dikes have been described in areas of
rifting such as the Snake River Plain and Iceland (Sigurdsson, 1987.
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For this analysis, events are defined either by individual cones or by grouping two or
more cones (or their eroded equivalents) together to form a single lumped' event. A
probability distribution is then assigned to the various event scenarios applied to the
volcanic features in order to assign estimates of confidence in the interpretations.

13.4.3 Geochemical Affinity

The role of chemical affinity in defining an event is complex. Greatly different magmas
may erupt during the same event due to magma mixing or other processes. Such
magmas may have different phenocryst suites, isotopic ratios, trace element patterns,
and bulk major element chemistry. Thus, I don't believe that geochemistry is useful for
distinguishing events in the region of interest, especially at Lathrop Wells. However, I
do believe that isotopes and trace elements can be useful in identifying broad source
regions. Hence I like the model of Yogodzinski (1995), which defines the Amargosa
Valley Isotopic Province (AVIP) as the source region for all the young basalts in the
region of interest. This concept is useful to confirm the bounds set on the region of
interest. I favor his interpretation that the AVIP is an area underlain by cooler
Proterozoic lithosphere that is the source for basaltic magmas responsible for the weak
volcanism of this area.

13.5 Region of Interest

A key determinant in the decision regarding a relevant region of interest for the PVHA
is the concept of volcanic fields (Schwartz and others, 1991). A field contains volcanic
features that are spatially, temporally, and genetically related (i.e., formed by magma
that is generated by melting in the lower lithosphere or upper aesthenosphere and
which migrates to the surface in a focused area). The length of basaltic fields in the
western Great Basin and southern Basin and Range (Luedke and Smith, 1981; Lynch,
1989; Nealy and Sheridan, 1989) is on the order of 15-50 kmL Basaltic volcanic fields in
this area may be active for a duration of 1 Ma up to 15 Ma with an average life of 5 Ma
(Christiansen and Lipman, 1968; Luedke and Smith, 1981; Lynch, 1989). Individual
active phases may have time scales that last a few years to a few hundred years.
Longer-period time scales are preferred to define events for the purpose of this analysis
because of the large time span considered for the PVHA (10,000 years) and the
limitation of current radiometric dating techniques (± 100,000 years). The location of
renewed volcanic activity at the surface is unlikely to be at the exact location of a
previous eruption (i.e. at the same cone), but it has a high probability of occurring
within the defined boundaries of a field.

Considering the concept of volcanic fields as fundamental to descriptions of future
locations of volcanoes (Sheridan, 1992), two alternative areas are considered: (1)
volcanic fields in a regional area within a 200 km radius of Yucca Mountain, identified

13-6



Probabilistic Volcanic Hazard Assessment at Yucca Mountain

on the Luedke and Smith (1981) map and used to calculate the rate of birth of new
volcanic fields; and (2) volcanic fields, events, and individual cones identified and
counted in a local area with a radius of about 40 km of Yucca Mountain, here termed
the "region of interest", used for event recurrence rate calculations. All of the region of
interest lies within the AVIP of Yogodzinski (1995), the suspected source region for all
of the young basalts which it encompasses. Both the 200 km radius region and the 40
km radius region of interest are used to calculate probability in my model.

13.6 Spatial Models

Two alternative models are developed to assess the future locations of volcanic activity
in the region of interest: (1) the volcanic field approach and (2) the volcanic zone
approach. The field concept takes into consideration the general characteristics of other
basaltic fields in the Basin and Range. Important in this model is the shape and
distribution of volcanic features within the field. The volcanic zone model assumes a
random distribution of volcanic events in time and space within the designated zone.

Based on studies of a large number of basaltic volcanic fields in the southwestern USA,
typical fields have an elliptical shape with length to width aspect ratios of about 2:1 and
the events within fields are assumed to follow a bivariate Gaussian distribution
(Sheridan, 1992). In this analysis the best fit of events to a bivariate Gaussian
distribution is used to define the event probabilities of the single field closest to the site.
This area, called the Crater Flat Field, is defined by the distribution and uncertainties of
surface and subsurface events younger than 5 Ma in Crater Flat and the Amargosa
Desert. The large spatial separation of Steeping Buttes, Thirsty Mesa, and Buckboard
Mesa from the Crater Flat Field and the complete absence of basaltic centers between
them over the past 10 Ma strongly argues for their being separate fields. Gaussian
distributions centered on these distant fields have such low probabilities that they were
not considered to be significant related to the proposed repository site.

In applying the field shape approach, events are represented as points, either centered
on individual cones or the midpoint of clusters defined by multiple aligned cones.
Because event points in the Crater Flat Field are assumed to represent realizations of a
bivariate Gaussian distribution they are used directly to define the center, length,
width, and orientation of this field by a mathematical best fit algorithm. The data set is
too small to justify using non-homogeneous models in time and space such as those
suggested by Ho (1991) and Connor and Hill (1993). These models are very sensitive to
starting times and event definitions.

An alternative spatial model is a zonation model, in which the spatial probability
distribution of future volcanic events is assumed to be uniform across a zone. The zone
used for this analysis is the inner 40 km radius area, and the rate is defined by event
counts within the zone. Post-10 Ma volcanic rocks are only used in this analysis to help
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define the rate of birth of new fields in the region. The post-5 Ma events exclusively are
used in defining rates of occurrence within the smaller 40 km region of interest.

Probabilities are calculated using both the field and zonation methods. The field
approach is given higher weight (0.75) than the zonation approach (0.25) because it is
judged to have a stronger technical basis for assessing the future location of volcanism,
one that takes into account observations of centers in the region of interest as well as the
behavior of fields in analogue regions.

13.7 Field and Event Counts

For both the field approach and the zonation approach, the number of events occurring
over a time period must be specified. In addition, for the field approach, the number of
fields must be counted.

13.7.1 Event Counts

Based on the definition of volcanic events given earlier, the number of events-and their
uncertainties-are assessed for each of the centers in the inner 40 km radius zone. The
event counts were made for the post-5 Ma time interval. This time interval, used in
many publications on regional volcanism, is sufficiently long to provide accurate rate
data. It is the most appropriate time interval for evaluating rates because: (1)
chronological data for post-5 Ma events are more accurate than for older events; (2)
scoria cones and other eruptive features that are used to define events are preserved for
up to about 5 Ma before their complete removal by erosion, thus event counts for older
periods are difficult to make; and (3) counts made for a more recent period would
include too few events to provide a meaningful estimate of the rate. The counts given
here are based on interpretations of eruptive features at the surface reported in
publications and noted by my personal field observations. Also considered are
subsurface events that might exist at shallow depths but not at the surface (see Section
13.8.3).

13.7.1.1 Northern Crater Flat

The 1 Ma basalts of the surface cones in northern Crater Flat could represent from 1 to 5
events, with the most likely being 1 event. These features indude the Makani Cone,
Black Cone, Red Cone, and two Little Cones. It is judged unlikely that all of these
cones are separate events. The favored scenario is that all of the cones are related to a
single dike or dike system having a northeast trend. The alignment of the surface cones
and the consistent radiometric dating is the basis for the surface cones being a single
event. The aeromagnetic anomaly A of Langenheim and others (1993), which is buried
beneath the alluvium near the alignment of the 1 Ma chain has a probable age of about
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3.8 Ma and represents a unique event which I include with my analysis of the other
buried events in the Armagosa Desert..

The following event counts and their relative weights are assigned for northern Crater
Flat: 1 (0.7), 2(0.1) and 3(0.1). The probability of more events is assigned zero weight
because of the large age difference required by my definition of an event (an age range
or uncertainty of ± 400,000 years would be required). Two events would assume that
Makani Crater was a separate event and 3 events would also include the two Little
Cones as an additional event.

13.7.1.2 3.7 Ma Area of Crater Flat

The 3.7 Ma basalts exposed at the surface of Crater Flat could represent from 1 to 6
events, with the two event scenario preferred. The basis for assuming a two event
sequence is the location and geometry of two well-defined dikes trending N-S through
this outcrop area. The radiometric dating cannot distinguish between events and the
only theoretical basis for assuming multiple events is the separation of the two large
dike segments. Also, the suspected vents along the dikes seem to be well aligned in the
N-S direction. The following event counts and their relative weights are assigned for
the 3.7 Ma area of Crater Flat: 1(0.1), 2 (0.6), 3(0.2) and 4 (0.1). More than 4 events are
unlikely considering the age limitation of my definition (1.0 Ma of uncertainty is
needed for 5 events). The higher probability assigned for three events is based on the
possibility of a third dike system.

13.7.1.3 Lathrop Wells

The Lathrop Wells cone represents 1 cone and 1 event. The geologic history of the
Lathrop Wells cone is complex, and we could still be within the active period of the
'event' (see Rates of Occurrence, below). By the author's definition, Lathrop Wells
would be only a single, albeit complex, event. The large ambiguity in the numerous
radiometric and other dates and the geomorphic youth of this feature justify
considering it to be a single event. The possible extremes of radiometric dates and the
geomorphic complexity (Wells and others, 1990) make the continuing life of Lathrop
Wells as a two-event scenario a weak possibility. The following event counts and their
relative weights are assigned for the Lathrop Wells center: 1(0.9), 2(0.1).

13.7.1.4 Amargosa Valley

The 7 aeromagnetic anomalies within Amargosa Valley and Crater Flat (Langenheim
and others, 1993) might represent as few as 5 events and as many as 7 events, with a
preferred scenario of 6 events. Anomalies B and D both have been drilled and
confirmed to be basalt covered by about 100-200 m of Quaternary alluvium. Anomaly
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B is basalt dated at 3.84 Ma. Modeling of anomaly C suggests that it is also a basaltic
cone buried about 200 m below the surface, consistent with a pre-Quaternary age.

Determination of the number and location of events in this area takes into account the
location and potential orientation as well as the magnetic polarity of the anomalies. In
all plausible scenarios, events A, D, and E are considered unique events due to their
wide geographic spacing. Anomaly E is a separate event from anomalies F and G due
to probable differences in polarity. In the 5-event scenario, anomalies F/G and B/C are
assumed to be 2 separate events related to northeast trending dikes. In the 6 event
scenario anomalies B and C are considered to be separate events because of their
geographic separation. The 7 event scenario considers all anomalies to represent
separate events due to the high uncertainty in ages. The 6 event scenario is preferred
because it assumes NE dike trends similar to the trend observed in the alignment of
cones in northern Crater Flat. The following event counts and their relative weights are
assigned to the Amargosa Valley area: 5(0.25). 6(0.5). 7(0.25).

13.7.1.5 Buckboard Mesa

The geologic relationships at Buckboard Mesa suggest that it represents 1 event.
Venting occurred at a single scoria cone and a fissure that extends to the SW (Lutton,
1968). However, there is uncertainty about the number of events at Buckboard Mesa.
Because of the large volume of lava (1 km 3) and lack of detailed mapping or dating
(Crowe and others, 1995), additional vents could be present here. Because there is no
direct basis for evaluation of uncertainty magnitude here, as many as 6 events have
been considered. The maximum number would assume an average event volume of
lava of 0.13 km 3 and a possible cumulative age range uncertainty of ± 0.6 Ma. Each
multiple event possibility was given an equal probability (0.05) because there is no
justification for weighting them differently. The following event counts and their
relative weights are assigned to the Buckboard Mesa area: 1(0.75), 2(0.05), 3(0.05),
4(0.05), 5(0.05), and 6(0.05).

13.7.1.6 Sleeping Butte/hirsty Mesa

The number of events in the Sleeping Butte/Thirsty Mesa area could range from 2
events to as many as 6 events, based on the large volume of lava and the possibility of
hidden events. In the 2-event scenario, Thirsty Mesa is interpreted as a single event
and Little Black Peak and Hidden cones are assumed to be connected by a NE-trending
dike and a single event. The 6-event scenario assumes that each individual cone or
fissure is a separate event. The uncertainty is great when there is a large lava volume
because most of the discrete cones have small volumes. The event counts and their
relative weights for the Sleeping Butte/Thirsty Mesa area are 2 (0.6), 3 (0.1), 4 (0.1), 5
(0.1), and 6 (0.1).
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13.7.1.7 Death Valley

The Death Valley area lies outside of the 40 km radius inner zone, although it is within
the AVIP of Yogodzinski (1995). However, the volcanoes here have not been mapped
and dated with the same level of detail as the area to the north in the region of interest.
A large number of events (estimated very generally in Bruce Crow's memo at about 20
to 40 events) are represented by the 4 Ma Funeral Formation, although detailed event
counting has not been done. In Quaternary time, there is an extremely sharp drop-off
in the number of events. Two events are represented in the 1.7 Ma Shoreline Butte area,
and 1 event at the <0.7 Ma Split Cone.

Because of the large uncertainty in dating and identification of cinder cones and other
features in the Death Valley area, I have not used these data in the computation of
frequency of volcanic events in the region of interest. Inclusion of the all volcanic
events within the AVIP of Yogodzinski (1995) probably would not alter the rate
calculation, but the uncertainty is an unnecessary contamination of the fairly good data
that exist for the northern part. If this area were included, the region of interest would
expand to the entire AVIP and the number of events would be increased by 20(0.25),
30(0.50), 40(0.25).

13.7.2 Field Counts

The field approach to the spatial distribution of volcanism requires that the rate of
occurrence of volcanoes outside of the local fields (i.e., Crater Flat, Buckboard Mesa,
and Sleeping Butte fields) be defined by the rate of formation of a new field. This rate
is calculated by counting the number of fields that have formed between 0 and 5 Ma
and between 5 and 10 Ma in the broad region (both the 200 km radius region and the
40 km region of interest). The locations and ages of fields are interpreted from the
information given on the Luedke and Smith (1981) map. Within the 200- km radius
area, 30 fields are identified as younger than 10 Ma, and 16 fields are younger than 5
Ma. Within the 40 km region of interest, 5 fields are younger than 10 Ma and 1 field is
younger than 5 Ma (Buckboard Mesa).

13.8 Rates of Occurrence

13.8.1 Event Rates

The rate of occurrence of volcanic events within fields is calculated from the counts
over the post-5 Ma period in centers located within the 40 km region of interest (the
Crater Flat field, the Sleeping Butte/Thirsty Mesa field, and the Buckboard Mesa
fields). Due to the youthfulness of the Lathrop Wells center, there is a possibility that
we are still within the active period of an 'event' and this is accounted for in assessing
the rate. Approximately 125 Ka have elapsed since the last eruption at Lathrop Wells.
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Given the definition of an event (i.e., can occur over 100 Ka), it is judged that there is a
0.25 probability that we are still within the event giving rise to the most recent eruption
at Lathrop Wells. There is a 0.75 probability that the event has ended and, in this case,
the Lathrop Wells cone is simply counted as another event in the post-5 Ma time
period.

In the case where the event is assumed to still be going on, the following rate is
derived. It is assumed that the full length of an event is 200 Ka (100 Ka). At the end of
the 200 Ka period, the probability of another eruption within this event will be zero. If
125 Ka have elapsed, the probability of an event in the next 75 Ka is simply 1/75,000.
We assume that this represents an equivalent annual rate, given that we are still within
the most recent event.

13.8.2 Rate of New Field Birth

The rates of formation of volcanic fields is assessed for two regions: a 200- km radius
circle from the site (given a weight of 0.75) and the inner 40 km radius zone (given a
weight of 0.25). The event counts are for two time periods: post-10 Ma and post-5 Ma.
The post-10 Ma time period is given higher weight (0.75) because it is judged that the
regional tectonic setting within the regions of interest has been relatively constant over
this time period; the maps appear to be complete for volcanics of this age; and a larger,
perhaps more significant, number of events is identified than for the post-5 Ma time
period, thus providing a more stable rate estimate.

13.8.3 Unknown!Hidden Events

This PVHA is focused on assessing the probability of intersection of the proposed
repository (at a depth of approximately 300 m below the surface) with a volcanic event.
The events discussed above are related to surface observations. It is also possible that
some events may occur in the shallow subsurface but not be present at the surface. The
aeromagnetic anomalies in the Amargosa Desert and Crater Flat are assumed to be
scoria cones. These represent surface events that were buried but detected, hence not
hidden events.

Subsurface dikes and sills that never reached the surface are more problematic to
assess. Buried dikes are much more difficult to detect than cones by geophysical
techniques because of their size and geometry. The ratio of dikes to surface cones is
also poorly known. Rarely are the tops of dikes observed in the field (i.e., exhumed
subsurface dikes that did not erupt). A major limiting factor in the propagation of
dikes is the volume of magma needed to fill them (Sigurdsson, 1987). For an estimate
of hidden dikes in the region of interest we can consider the fraction of magma batches
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(magmatic events) that terminate in the near surface zone (for this estimate up to 1 km
depth) with respect to the total number of magma batches injected into the crust and
those batches that erupt at the surface. This would give an estimate of about 1/25 as the
fraction of dikes that reside in the near surface which never reached the surface. For
my calculations I used a much more conservative estimate assigning an additional 25 %
of events identified from surface observations to hidden dikes. Using this value the
rates determined from event counts should be multiplied by 1.25 to obtain the total
rates.

13.9 Temporal Models

The temporal distribution of the occurrence of field formation and of volcanic events is
assumed to be homogeneous. Non-homogeneous models, such as the Weibull model,
are not considered to be appropriate because of the low numbers of events and because
such models are highly sensitive to the 'start times' that are assumed. By examining the
data for field formation during both the post-10 Ma and post-5 Ma period, and the
post-5 Ma period for events within volcanic fields, the assumption of a homogeneous
process seems to be reasonable.

13.10 Event Geometries

The geometry of events is a function of the type of event being considered. Cone-type
events (defined by a single cone) will have dike lengths that are typical of those
measured in the San Rafael Swell by Delaney and Gartner (1995) [mode of 1.03 +1.74 -
0.65, log normal] and the field observations made in several basalt fields reported by
Sheridan (1992) [2.5 km ±0.8 km, Gaussian]. For 'lumped' events (defined as more
than one cone or eruptive feature on a dike system) the distribution of event lengths is
taken from the actual dimensions of volcanic features mapped in the region of interest.
The mode length is 5 km and the lognormal variance ranges about +7 km to -3 km for
one standard deviation.

The interpretation of the orientation is also a function of the event type. For cone-type
events, the dike orientation is parallel to the maximum horizontal compression
direction (Pollard, 1987). This direction is N30E defined from earthquake focal
mechanisms, in-situ stress measurements, and strain accumulation (Savage an others,
submitted 1995). One standard deviation uncertainty is estimated to be ±20 degrees. In
the case of 'lumped' events, the orientation comes from the mean direction of observed
surface features and is based on assumptions of Delaney and others (1986). This
methodology also gives a direction of N30E with a standard deviation of 15 degrees.
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13.11 HydromagmatIc Activity

Hydrovolcanic explosions require a specific range of hydrologic and volcanic
conditions (Sheridan and Wohletz, 1981; Sheridan and Wohletz, 1983). One of the best
means of estimating the probability of hydrovolcanic events is to count the number of
tuff rings and tuff cones relative to the scoria cones in volcanic fields (Wohletz and
Sheridan, 1982). The number of tuff cones and scoria cones in Plio-Pleistocene volcanic
fields in Arizona is tabulated by Lynch (1989). Low numbers of tuff cones and tuff
rings (maars) also occur in the Lunar Crater and Cima volcanic fields. There are none
in the 40 km region of interest near Yucca Mountain. Given a dike injection in the
vicinity of the site, the probability of a significant hydromagmatic explosion with a
large volume of ejected materials (defined as more than 106 i 3) is estimated at 0.01 -
0.02, or 1-2 maar or tuff cone for every 100 scoria cones. This estimate is based on the
ratio of cone counts from scoria eruptions versus those related to hydromagmatic
processes within analogue regions in the southern Basin and Range.

13.12 Types of Eruption

The most likely type of eruption expected in the future would be a small scoria cone
and associated lava flows. In this type of event, roughly equal amounts of scoria
(explosive products) and lava (effusive products) would total about 0.1 km3 (order of
magnitude) of magma. Another, but less probable, type of event would be the
formation of a basaltic lava shield composed mostly of thin flows. Such volcanoes
would have a volume of about 1.0 km3, but probability of this type of event would be
about 1/10 that of the small scoria cone. A third possibility would be a hydromagmatic
explosion, with the formation of a crater and tuff ring with only about 0.01 km3 of
juvenile magma but about 0.1 km3 of surrounding accidental material. The conditional
probability of such explosions given a volcanic event would be about 0.01. A final
possibility, would be the eruption of more evolved magma to form an explosive ash-
flow deposit of large volume. The conditional probability of such an event in the
region of interest is estimated to be about 10W compared with that of a scoria cone and
lava event.
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14
OVERVIEW OF THE IMARC PHASE 3 MODEL (JOHN

KESSLER AND ROBIN MCGUIRE)

14.1 Introduction

The purpose of total system performance assessment (TSPA) is to provide a sound basis
for decision making. Because there is a range in the type of decisions to be made (from
simple scoping analyses of disposal concept through site selection and design
optimization to final demonstration of safety within a licensing context), there is a
corresponding range in types of performance assessments and TSPA models. Prior to
any useful and balanced comparison of TSPA codes or models, therefore, it is necessary
to clearly state the intended purposes (i.e., what decisions are to be supported) of such
codes or models. In this way, any differences or perceived deficiencies can be placed
into a proper TSPA and decision-making context.

The NRC is developing its TSPA code "to demonstrate the capability to review a
performance assessment for a proposed geological repository for spent fuel and high-
level radioactive waste (HLW) at Yucca Mountain, Nevada." (NRC, 1995, page 1-1)

Additional objectives include (NRC, 1995, page 2-1):

• Evaluating the implementation of the 10 CFR Part 60 performance objectives.

• Providing input to the ongoing evolution of the radiation protection
standard...set forth by the EPA, 40 CFR Part 191.

• Providing input to regulatory guidance...to performance assessment especially
the staff's Licensing Application Review Plan (LARP)..

As important as its intent are the disclaimers cited in NRC, 1995 (page 2-10,11):

[T]he results presented in the following chapters have had limited formal review,
are based on numerous simplifying assumptions, and use only limited site-specific
data; thus, the numerical results should not be taken as representative of the
performance of the proposed repository at Yucca Mountain, Nevada. The analysis
is also replete with uncertainties regarding conceptual models for consequences
and scenarios.

The objectives of TSPA-95 stated by the DOE (TRW, 1995, page ES-2) are:
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[A]n important part objective of any predictive performance assessment modelling
is to identify the significance of the current uncertainty in processes, models, and
parameters on performance...This provides direct input to the site characterization
and design programs to assist in prioritizing the necessary testing to develop more
robust and defensible performance assessments.

The specific goals of the current iteration of total system performance assessment
are to (1) utilize what are believed to be more representative conceptual models
that build upon the assumptions employed in TSPA-1993, in particular for the
treatment of the engineered barrier system including the waste package, (2)
incorporate more recent design information since the completion of TSPA-1993, (3)
utilize the most recent site information and models (where available)
acknowledging their uncertainty and variability, and (4) evaluate the engineered
barrier system release performance measure as well as alternative measures of total
system performance (cumulative release and peak dose over different periods)

IElarlier iterations of TSPA have also been used to eliminate some processes from
consideration in the current analyses...due to their insignificant effect on post-
closure performance.

Later it is noted (TRW, 1995, page ES-24):

Another important aspect of the TSPA analysis is to determine the ability of
various parts of the system, both engineered and natural, to contain or retard the
transport of the waste.

No specific statements are made regarding specific limitations or deficiencies in the
TSPA-95 report. Issues regarding non-conservative and conservative assumptions,
especially with respect to near-field and EBS performance factors, are raised, however
(TRW, 1995, pages ES-26 to ES-27):

The question of the significance of non-conservative assumptions may be posed as
follows: What components, processes, models or parameters could, with some
reasonable likelihood, be sufficiently different from the assumptions made in the
current ISPA iteration, such that the predicted releases or doses could be greater
than those present?...The question of the significance of conservative assumptions
may be posed as follows: What components, processes, models or parameters
could, with some reasonable likelihood, be sufficiently different from the
assumptions made in the current TSPA iteration, such that the predicted releases or
doses could be less than those present?

One of the initial purposes of the IMARC (Integrated Multiple Assumptions and
Release Calculations) program developed by the Electric Power Research Institute
(EPRI) was to encourage the DOE to complete integrated assessments characterizing
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Yucca Mountain as a prospective site for a HLW repository. Both DOE and NRC are
now actively engaged in TSPA activities. The second major purpose of the IMARC
program was (and continues to be) to identify the critical technical issues that may
require further investigation.

The purpose of performing calculations with the current IMARC Phase 3 software is to
explore the various models, parameters, and assumptions affecting estimated
repository performance and to draw conclusions about which of those are important in
influencing the regulatory decision, which are unimportant, and which have
substantial uncertainties that lead to uncertainties in repository behavior. Through this
process we can identify the most critical engineering and scientific areas that need
further investigation or quantitative characterization of their uncertainties. We can also
make statements about current estimates of repository behavior, how certain these
estimates are, and what that implies about the viability of Yucca Mountain as a
potential repository.

The most important current purpose of the EPRI HLW program and the IMARC
application is to make an independent assessment of the performance of the potential
repository, identifying (if appropriate) fatal flaws in the site itself, in the engineering
design, or in the licensing program, so that the decision-makers in the utility industry
can judge the likelihood of potential outcomes of the licensing process and take
appropriate action. In part, our conclusions in this regard will depend on EPA
regulations regarding time periods and acceptable levels of exposure that are expected
to be issued in 1997.

Current estimates of repository performance are made with the 1MARC software,
developed over a period of years under EPRI sponsorship. For input we use models,
parameters, and assumptions developed by consultants to EPRI; these models,
parameters, and assumptions are documented in this report and are the best current
interpretations by these consultants.

The main "added value" delivered by a systems-level model such as IMARC as
compared to detailed subsystem models is the ability to capture interactions and
correlations among different parts of the system. Thus, when we abstracted a
subsystem for IMARC, we aimed to capture as many of these correlations as possible
rather than to maximize the accuracy of approximation to more detailed subsystems.

The disclaimers the NRC presented for their TSPA also hold for the IMARC TSPA, as
well. Although we strive to faithfully represent many of the important components of
the various systems processes as we understand them to behave at Yucca Mountain,
our model does not make "predictions". Instead, we present quantitative projections
based on stylized scenarios of systems behavior using a variety of assumptions.
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14.2 Recent Developments Affecting the Form and Purpose of Yucca Mountain
TSPA

There have been many changes and advances in the understanding of how a potential
repository at Yucca Mountain would perform since the previous version of the EPRI
Total System Performance Assessment (TSPA) code, LMARC "Phase 2", was released in
1992 (EPRI, 1992). A few examples are:

* The original design for disposing of spent fuel and high-level radioactive waste
(HLW) (SCP, 1987) called for the use of relatively small, single shell containers
placed in tight-fitting, vertical boreholes drilled into the floor of the access drifts.
Now the design has changed to the use of much larger containers composed of
multiple layers of different kinds of steel (ACDR, 1996). These larger containers
will be placed horizontally directly into the access drifts whose diameters exceed
those of the containers by approximately two meters (ACDR, 1996). This change
has significant implications for performance models, such as ]MARC.

* Understanding of groundwater flow and dissolved contaminant transport in the
groundwater has changed, requiring new models for these phenomena. In
addition, recent advances in computer speed and groundwater modeling techniques
allowed EPRI to take advantage of the ability to model more accurately these
groundwater processes.

* DOE has changed the areal density of the waste to be placed in the disposal drifts.
Originally 57 kW/acre was the target areal density (SCP, 1987). However, the
repository is now being designed for a mass loading of 80 to 100 MTU per acre with
a reference design of 83 MTU per acre (ACDR, 1996). This has significant
implications regarding local hydrothermal processes near the repository that
directly affect both container corrosion, the rate at which radionuclides may be
removed from the spent fuel or HLW within the breached containers (source term),
and possibly the far-field transport of the released radionuclides in the
groundwater.

In addition to these technical improvements or changes to the program there have been
several significant programmatic changes that continue to require monitoring and
analysis of the DOE program by EPRI using TSPA. A few examples of these include:

* Replacement of the Technical Site Suitability (TSS) analysis that was underway and
was to have been completed in 1998. The TSS was to be determined, in part, based
on a long series of technical criteria enumerated in 10CFR960. Recent budget
reductions have caused this formal T'SS process to be replaced by a less formal
"Viability Assessment" process. EPRI will need to comment on the appropriateness
of the Viability Assessment, as well as the assessment itself.

14-4



Ovemview of the IMARC Phase 3 Model

* An approximately 40% reduction of the FY1996 and 1997 DOE budgets for Yucca
Mountain compared to that in FY1995 requires the prudent use of resources. EPRI's
TSPA code can provide guidance to DOE in their efforts to make important progress
on developing Yucca Mountain in the face of these budget cutbacks.

Finally, there has been significant activity in the legislative and regulatory realm that
may directly impact the kind of technical analysis required when performing a ISPA
during the licensing process. When IMARC was originally developed, it was only
necessary to calculate the rate of release of radionuclides in the groundwater past a
boundary five kilometers downstream for a period of up to 10,000 years. However, a
series of bills were introduced in Congress during 1995 require calculating dose rates to
individuals at positions that may be different from five kilometers. The bills, if they
had been enacted, would have required calculating position-dependent groundwater
concentrations of radionuclides, and developing appropriate radionuclide transfer
models between the groundwater and humans in order to calculate doses to humans.
More recently, a National Academy of Sciences (NAS) panel has recommended that the
performance standard for Yucca Mountain be based on limiting individual health risk
for a period up to approximately one million years (National Research Council, 1995).
Individual risk and individual dose rates are assumed to be directly correlated.
According to Section 801 of the Energy Policy Act of 1992 (EPAct, 1992), the NAS panel
recommendations are to form the basis for the new performance regulations that the
Environmental Protection Agency (EPA) will promulgate for Yucca Mountain in the
near future. Thus, it seems likely that new regulatory or legislative requirements will
necessitate including calculations of individual dose rates at various downstream
positions for periods of time up to one million years in the future.

14.3 Modifications Forming the "Phase 3" Version of IMARC

Because of the reasons given above, as well as others (e.g., new parameter values and
process models), EPRI felt it was necessary to modify and improve their TSPA code,
IMARC, as previously described in the Phase 2 report. The major changes between this
version of IMARC (Phase 3) and Phase 2 are listed below.

14.3.1 ExtensIon to One Million Years

IMARC has been extended to estimate individual dose rates up to one million years in
the future. This is necessary because peak dose rates generally occur between a few
tens of thousands of years and one million years, so a code that calculated doses for
only ten thousand years was not capable of estimating peak doses1. Furthermore, the

'This is not to say that current models of geologic and engineered systems will be accurate for one
million years. Rather, it addresses the question of "What will peak doses be, and when will they occur i
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NAS panel recommended that the Yucca Mountain performance standard include
estimates of individual health risk (or individual dose rates) out to one million years.
Demonstrating regulatory compliance beyond 10,000 years is nearly unprecedented
(outside the realm of HLW disposal regulations, that is) and would certainly prove
difficult. However, the fact that the NAS panel made such a recommendation to EPA
makes it prudent for EPRI to develop a code to conduct analyses over these
tremendously long timeframes.

14.3.2 Abstraction of Detailed Submodels

Abstraction is a key concept in Performance Assessment (PA). It means that detailed
scientific or engineering representations are simplified to extract their critical effects on
repository performance, and these critical effects or simplified models are used in the
PA so that many combinations of assumptions can be examined efficiently.
Abstractions of key processes are used in both the DOE (TRW, 1995) NRC (NRC, 1995)
T1SPA models of Yucca Mountain. Alternatively, it is possible to directly incorporate all
process-level models directly into the final TSPA code. However, this latter approach
requires significant computing power and patience since it could take a considerable
length of time to complete a single series of calculations. There may be some merit to
directly incorporating process models into the final TSPA if, for example, there is doubt
the abstraction process preserved the processes that actually contribute to repository
performance, or if the regulator or public demands it for the final license application
where TSPA will be used. However, in the case of Yucca Mountain, which is still in a
developmental stage and some processes are not yet completely understood, TSPAs
employing abstracted process-level models are appropriate. Abstraction has been used
in the current IMARC application in many areas, and these are described below.

The use of TSPAs or any other quantitative method does not provide certainty in the
demonstration of compliance of a system that is required to perform many thousands
of years into the future. It must be remembered that any scenario envisioned and
modeled in order to assess future repository performance will necessarily involve
significant assumptions, however valiant an effort was made to ground the scenario in
observation. This is due to the significant uncertainties that remain due to limited
knowledge about the current state of the natural system, let alone the larger
uncertainties about the natural or engineered systems' future states. Thus, use of these
stylized scenarios in TSPA represent projections of future performance based on a set of
initial assumptions rather than predictions of future behavior. Predictions require more
certainty in our understanding of system behavior than is ever likely to be available.

J.

current model assumptions and parameters are assumed to apply?" TSPA calculations for 10,000 years
cannot answer this question.
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Climate

In the area of future climate conditions, the work on climate predictions presented in
Chapter 2 is abstracted into three assumptions: (1) minor greenhouse effect, (2)
moderate greenhouse effect, and (3) permanent greenhouse climate. These provide
major differences among future climates as they affect PA calculations; within each
climate assumption, one sequence of climate changes is used. These are summarized as
follows:

Minor Greenhouse Effect: 0 to 3k yrs: Greenhouse

3k to 25k yrs:

25k to 50k yrs:

50k to 65k yrs:
(FGM)

65k to 90k yrs:

90k to 100k yrs:

Moderate Greenhouse Effect: 0 to 10k yrs:

10k to 25k yrs:

25k to 50k yrs:

50k to 65k yrs:

65k to 90k yrs:

90k to 100k yrs:

Permanent Greenhouse Effect: 0 to 10k yrs:

10k to 1M yrs:

Interglacial

2/3 Full glacial maximum

Full glacial maximum

1/3 FGM

Interglacial

Greenhouse

Interglacial

1/3 FGM

2/3 FGM

1/3 FGM

Interglacial

Greenhouse

Interglacial

The first two scenarios assume that the greenhouse effect will perturb the future climate
for only the first 100,000 years; after which the climate reverts to the "historically
normal" cycle below:

"Historically normal" cycle (beginning 100,000 years from now):

0 to 40k yrs:

40k to 55k yrs:

55k to 65k yrs:

65k to 90k yrs:

90k to l00k yrs:

1/3 FGM

2/3 FGM

FGM

2/3 FGM

Interglacial
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Groundwater Fluxes in the Unsaturated Zone

Net Infiltration

Net infiltration is defined as the net downward groundwater flux below the zone near
the surface in which evapotranspiration occurs (assumed from 0 to 2 m below the
ground surface, as discussed in Section 3.1). Net infiltration results calculated from
detailed models of precipitation and the effects of soils, vegetation, and hydrologic
units were also abstracted. The probability distributions of net infiltration from those
calculations were recognized as variations in year-to-year values; for purposes of
hydrologic flow and transport we used the means of these distributions to generate
long-term flow parameters at depth. The average net infiltration for the different
climate regimes is calculated as follows:

Greenhouse: 1.7 mm/yr

Interglacial: 1.2 mm/yr

1/3 FGM: 2.5 mm/yr

2/3 FGM: 2.8 mm/yr

FGM: 3.0 mm/yr

Since only the Greenhouse, Interglacial, and Full glacial maximum net infiltration
values are calculated in Section 3.1, net infiltration values for 1/3 FGM and 2/3 FGM
are as follows: Annual precipitation during the 1/3 and 2/3 FGM periods were
calculated from the future climate time line provided in Chapter 2 using the 'modem"
interglacial period (10,000 to 25,000 years) as a pivot point. Winter precipitation is
assumed for seven months of the year; summer for five months. Infiltrations for these
periods were then calculated from the 1/3 FGM to FGM and 2/3 FGM to FGM ratios.

Early sensitivity studies with IMARC indicated that variations within a climate
assumption (e.g. on the time at which glaciation takes place, or on the duration of
glaciation) was less important than differences between the climate assumptions. Even
among those assumptions it is evident that differences in doses between the minor and
moderate greenhouse effect is small, with the permanent greenhouse effect indicating
somewhat larger difference. Additional IMARC sensitivity studies also indicated that
varying the climate beyond 100,000 years provided no additional insight into the key
technical parameters, yet resulted in very slow model execution times. Thus, a time-
averaged, invariant climate was used beyond 100,000 years.

After the initial 100,000 year time period, we assume a time-invariant climate with an
infiltration which is the time-weighted average over the "historically normal" cycles
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described above. For the first two climate scenarios this infiltration is 2.54 mm/yr, the
permanent greenhouse case remains 1.2 mm/yr. Depth to the water table is also fixed
in a similar manner for the post 100,000 year calculations (250 m for the first two
climates, 321.5 m for the permanent greenhouse).

Although the uncertainty regarding which climate scenario is considered in the IMARC
model, net infiltration within a specific climate cycle segment is treated as certain. For
example, the net infiltration is always assumed to be 3.0 mm/yr for the FGM climate
segment. It is recognized that there is year-to-year variability in net infiltration. In fact,
this is explicitly included in both the climate and net infiltration models described in
Chapter 2 and Section 3.1, respectively. However, the net infiltration averaged over the
entire climate segment (10,000 years or more) is always assumed to be the same. This sort
of approach could be thought to miss the potential importance of significant departures
from the within-climate-cycle-segment averages on repository performance. This is not
considered to be a significant error given our current modeling approach for flow and
transport in the UZ and SZ. As will be shown in the next chapter, the average
residence time of conservative tracers for deep UZ fluxes as high as 25 mm/yr is still
estimated to be several thousand years. Thus, an upward departure from the average
would have to persist for over 1,000 years to begin to have an effect on overall
performance.

Deep Percolation in the Unsaturated Zone

In Section 3.2, it is assumed that lateral diversion of infiltrating water occurs, whereby
80% of the vertical groundwater flow is diverted laterally and does not reach the
repository horizon. Thus, the repository-wide average percolation rate (the
groundwater flux at the repository horizon) is set at 20% of the infiltration values
described above. This amount of lateral diversion was determined based on the initial
assumption that the average residence time of water in the UZ is 100,000 years. Using
the flow and transport model described in Chapter 7 it was determined that a
percolation rate of 0.5 mm/yr yielded a residence time of a conservative tracer in the
UZ of just less than 100,000 years. Since this percolation rate is approximately 20% of
the time-averaged infiltration rate (averaged over one million years) the assumption is
made that, on average, 80% of the net infiltration rate was laterally diverted into areas
away from the repository. This means that, no matter what the net infiltration rate, the
average percolation rate is always assumed to be 20% of that value. This is admittedly
a significant abstraction of the lateral diversion process. However, given the large
uncertainties in the value and distribution of percolation rates at the repository horizon,
it was determined that further refinement of the lateral diversion conceptual model was
not justified at this time. In the meantime, this uncertainty is best handled by the use of
sensitivity studies using a significant range of percolation rates.
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Hydrothernal Effects

Potential interactions among fluid flow, chemistry, and heat transfer continue to be
significant concerns at the Yucca Mountain site. Previous performance assessment
work (including that reported in Phase 2 (EPRI, 1992)) concluded that heat transfer
from the proposed HLW repository in the unsaturated zone of Yucca Mountain may be
strongly affected by movement of water, which occurs in both liquid and gas phases.
Conversely, temperature can have a great influence on water movement by inducing
large-scale transfers of water vapor. Fluid movement affects both the release of
radioactivity from the repository (by determining how much water contacts the waste
package) and the migration of radionuclides from the repository to the accessible
environment.

New estimates of system behavior and associated uncertainties for use in IMARC are
made. The estimates are in the form of a five-dimensional matrix whose axes
correspond to alternative repository thermal loadings, flow regimes (degree of
coupling between fractures and matrix), heat transfer mechanisms, waste package
temperature histories, and modes of water contact with the waste package. Values in
the matrix are the fractions of the waste in a repository at different temperatures and
exposed to different modes of water contact. These values depend on design choices
(in particular, the thermal loading), on physical properties of the rock (which will
control the mode of heat transfer), and on which conceptual model of water movement
in unsaturated fractured rock is correct. For each alternative thermal loading, heat
transfer mode, and conceptual model, the waste fractions take different values. It must
be understood that values assigned to these fractions represent judgmental estimates
rather than the results of calculations.

For any repository design, not all waste packages will experience the same conditions.
Packages in the center of the repository will be hotter than those near the edge;
packages which intersect fractures in which water flows will be wetter than those
which do not; and so on. To make this variability manageable, we define three
temperature histories and four water contact modes. These form a matrix of 12
alternative waste package conditions.

Various sections of the repository are assumed to follow one of three temperature
histories. The three temperature histories are taken from Pruess and Tsang (1994) and
were shown in Figure 4-1. The four water contact modes are as follows:

Dry - The package does not contact liquid water. This does not mean that the
downward percolation flux is zero in the rock surrounding the package. Rather,
water does not contact the package either because capillary forces conduct water
around the repository drift, or because the surrounding rock has been dried out
by the heat of the repository.
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* Reflux - When temperatures in the repository are above boiling, water
condenses in the rock above. For a short period after the repository temperature
descends below the boiling point, the condensate drains through the repository
and drips on the package. At all other times, the package is assumed to be dry.

* Wet-drip - Separate droplets of water fall across an air gap onto the package.

* Episodic - Water contacts the package intermittently for limited periods of time.
Episodes might be due to such causes as extreme recharge events at the surface,
fingering flow, tectonic changes in fracture behavior, plugging of fractures by
mineral precipitation, or changing location of condensation zones as
temperatures change.

Each combination of heat transfer choice (dominated by a conduction, convection, or
heat-pipe process), flow model (degree of flow focusing), and repository mass loading
gives a different scenario. The scenarios determine the temperatures of waste
containers and the amount of liquid water they contact. For each scenario, the fraction
of waste packages experiencing each combination of temperature history and water
contact mode is specified through the five-dimensional matrix.

When temperatures return to pre-repository values, water movement will likely return
to something approximating initial conditions. At this time, water movement will be
essentially independent of temperature, thermal loading, and heat transfer mechanism,
but will still depend on the conceptual model of water movement. Even a small
temperature increase at the repository is likely to substantially increase the amount of
water moved by convective air flow. We estimate the time of transition from heated to
ambient conditions as 50,000 years, the time at which temperature curves a and I on
Figure 4-1 have returned to near pre-repository values.

Fractions of Repository Wet

The conceptual model of lateral diversion presented above assumes that geologic
systems act to divert 80% of the flux descending below the evapotranspiration zone.
Thus, the assumption is made that repository excavations will determine where that
80% of the diverted flux is, and that waste containers will not be placed in these areas.

We do not assume perfect knowledge of where the remaining 20% of the flux is or how
it is distributed, however. Figure 14-1 is a schematic showing flows in the UZ and SZ.
We assumed that the containers are placed in areas where the remaining 20% of the
flux is descending, and that much of this remaining flux is "focused" through these
areas. Conceptually, this could be because there are localized "leaks" in the lithologic
unit responsible for laterally diverting the flow above the repository that remain dry
except during rare events involving high precipitation over an extended period of time.
Alternatively, some containers might be inadvertently placed too close to the "known"
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zones of diverted flow - areas where there is still some focusing. The zones of
"focused" flow have local percolation rates that were assumed high enough to cause
dripping into open drifts and onto the containers. These are termed "wet" zones. The
remainder of the repository is considered "dry", meaning that the local percolation rate
is assumed too low to cause dripping into open drifts so containers remain free of
dripping water.

Yucca Mountain
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Figure 14-1 Schematic of flow in the unsaturated and saturated zones beneath Yucca
Mountain.

Focused flow factors also are taken directly from the estimates given in Section 3.2.
Since the amount of focusing is uncertain and likely to be spatially variable, focused
flow factors, 'd', of 3 and 15 are used to model "weak" and "strong" focusing,
respectively. Water is conserved in the system by weighting the repository-wide
average percolation rate, PR.,, by the wet and dry fractions of the repository (Fw* and
Fd., respectively) so that the following equations are satisfied:

FP.,, x PR,,. + F,,, x PR,, = PRg (14-1)

where PRk, is the average percolation rate in the "wet" zones, PR,,,, is the average
percolation rate in the "dry" zones,

PRwet/PRdry = Focused Flow Factor ('d') (14-2)
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PRavg = 0.20 x Surface Infiltration (14-3)

With respect to fractions of the repository that are wet under different conditions, these
results are taken from the estimates given in Section 3.2 and Chapter 4. One
simplification is that fractions of the repository that experience "episodic" flow
conditions (see Chapter 4) are added to fractions that are continually wet. These results
are summarized in Table 14-1. The percentages shown in parentheses correspond to
the assumed probabilities that the repository exhibit the combination of focusing or
heat transfer mechanism behavior shown. The first value under the heat transfer mode
corresponds to that used for the 83MTU/acre repository; the second for the
25MTU/acre repository. The table shows that conduction-only was assumed for the
25MTU/acre case.

Table 14-1.
Fractions of repository wet under various conditions

Areal Mass Loading

83 MTU/acre 25 MTU/acre

"Strong" Focusing Conduction .12 .07
(70/100%)

(50%) Convection .16 n/a
(20/0%)

'd'=15 Heat Pipe (10/0%/) .15 n/a

"Weak" Focusing Conduction .16 .34
(50/100%)

(50%/0) Convection .38 n/a
(20/0%)

'd'=3 Heat Pipe (30/0%) .76 n/a

The wet fractions in Table 14-1 apply during the first 50,000 years. After 50,000 years
all thermally-induced effects are assumed to have dissipated and wet areas of 3% and
7%/6 are assumed for the fracture-dominated and matrix-domninated flow cases
respectively. All of these "fraction wet" values were obtained using expert judgment.
Their absolute values are highly uncertain, but their relative values are based on
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interpretations of measured and modeled hydrothermal phenomena (see Chapter 4).
Uncertainty in the fraction wet is considered in sensitivity studies reported in Chapter
15.

In addition to focused flow factors, "recirculation factors" are also included during the
thermal period (first 50,000 years). These factors (also shown in Figure 14-1) account
for the water that continually evaporates, condenses, and refluxes past the containers
during this time period. Recirculation factors are applied only to fluxes used in
subsequent source term modeling as multipliers of the wet zone percolation rate. The
percolation rate below the repository wet zones, used in the flow and transport model,
is taken as PR,,.. The recirculation factor assumed depends on the heat transfer
mechanism as follows:

Conduction Only: Recirculation factor = 2

Conduction and Convection: Recirculation factor = 4

Heat Pipe: Recirculation factor = 10

Waste Container Failure

The waste container failure model presented in Chapter 5 is adopted without
abstraction in the current version of IMARC. Container failure is presented as a series
of Weibull distributions which are dependent on the heat transfer mechanism and
temperature history. Corrosion mechanisms considered in this statistical approach to
container failure include: general corrosion, localized corrosion (crevice and pitting
corroison); stress corrosion cracking; degradation due to metastable microstructure;
embrittlement due to hydride formation; and microbiologically influenced corrosion.
Galvanic protection was not considered.

Two different container designs are considered: the base case, termed the "Multi-
Purpose Container" (MPC) concept in Chapter 5 (10 cm of carbon steel surrounding 2
cm of Alloy 825) and a "high performance container", or "HPC" (0.5 cm-thick Grade 16
titanium alloy surrounding 2 cm-thick Alloy C-22) used as an exploratory study. For
all of these calculations a horizontally-emplaced container is assumed.

The Weibull distributions employ a feature that allows for the possibility that a small
fraction of the containers may have failed at emplacement or shortly after emplacement
due to manufacturing flaws, construction errors, or emplacement mishandling.

Source Term

The source term model used in IMARC is described in Chapter 6. The source term
model is a compartment model that begins by assuming all waste form surfaces are
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wetted immediately after their container "fails". Advection and diffusion between the
following compartments can be modeled: waste form; corrosion products found in the
corroded sections of the canister; gravel backfill below and sometimes above the
container; concrete invert (both concrete matrix and fractures); and rock matrix and
fractures immediately surrounding the drift. The flux entering the container is
assumed to be 5% of the wet percolation rate times the horizontal cross-sectional area of
the container. This is shown in Figure 14-2. Also, a corrosion opening at the bottom of
the container is assumed to be equal in size to the opening at the top, so a "flow-
through" model of hydrologic transport is used to mobilize waste within the container.
The fraction of container area available to flow is not assumed to increase with time
after initial container failure.

As the formal outputs, the radionuclide mass-transfer rate from concrete compartments
to the rock compartments are calculated at specified times. The cumulative mass lost
from the system (EBS plus near-field rock) and into the boundary compartment is also
calculated and decayed over time, so that the mass balance for the system can be
checked at the end of the simulation period. The total mass released into the system
from the waste form is compared with the sum of the totals in the compartments and
the total mass lost. As an additional check, the total mass is compared with the initial
inventory decayed over the simulation period.

The source term model is directly incorporated into IMARC as a subroutine. In this
respect no abstraction of the model is made. Many of the features of the source term
model are not used in the current calculations because they did not appear to make a
difference to dose rates in preliminary sensitivity studies.

The initial inventory of the 22 radionuclides considered in IMARC Phase 3 are given in
Table 14-2. The inventory is in terms of moles of radionuclide per 8.6 MTU (mass of
heavy metal assumed contained in each container).

Solubilities for the seven most important elements are given in Table 14-3. Alteration
(dissolution) times are assumed directly correlated with solubilities in that low
solubilities correspond to a 40,000 year alteration time, moderate to a 10,000 year
alteration time and high to a 4,000 year alteration time.
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Table 14-2.
Initial inventory in moles per 8.6 MITU (moles per container) by radionuclide.

Radionuclide

Se-79

Tc-99

I-129

Cs-135

Zr-93

Nb-94

Sn-126

Pu-239

U-235

Pa-231

Pu-240

U-236

Th-232

Am-241

Np-237

U-233

Th-229

Pu-242

U-238

U-234

Th-230

Ra-226

Inventory (moles per 8.6 MTII)

7.07E-1

7.33E+1

1.30e+1

2.64E+1

8.20E+1

4.51E-1

1.93E+O

1.96E+2

3.92E+2

3.07E-9

8.11E+1

1.78E+2

8.3E-10

3.59E+1

1.94E+1

2.25E-4

5.47E-8

1.59E+1

3.42E+4

8.94E+O

7.03E-4

8.58E-8
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Table 14-3.
Solubility values (moleslm 3) by element. Probabilities are given in parentheses.

Element Name Low (5%) Mnet (Q0°/A) Hioh (.CO/.

Se

Tc

U

Pa

Np

Th

l.OE+O

3.OE-4

3.4E+3

1.OE-5

2.OE-5

5.OE-3

1.OE-7

1.OE+1

1.OE+O

1.2E+4

3.OE-2

3.OE-3

1.OE-1

3.OE-6

7.OE+3

1.OE+4

1.5E-i4

2.OE-1

6.OE-1

7.OE+O

1.OE-4

PRdm (=PR~ma

4 4
hole = 5% of
container area

Drift

Invert

Figure 14-2 Schematic of flow in and around the waste container.

Hydrologic Flow and Transport Model

A new hydrology model has been developed to replace the hydrology code within
IMARC described in the Phase 2 report. It provides a more realistic portrayal of
hydrologic processes that affect the flow of water and radionuclides. The most
important concern in developing the new code was to provide a capability to model
"fast fracture flow" when it may occur. Fast fracture flow is a condition where the
water in the fractures moves faster than the associated zone of wetting within the
matrix. The new hydrology code within IMARC also adds considerably more power
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and flexibility in the treatment of processes and parameters. Because the new code is
numerically based, it can incorporate complex climate-related changes in infiltration at
the surface, various patterns of layering, the in-growth of daughter products, and a
rigorous treatment of flow and transport in the saturated zone.

The flow and transport model from the source term through the unsaturated zone (UZ)
and saturated zone (SZ) are described in Chapter 7. Following TRW (1995) the UZ
stratigraphy is idealized in terms of four main units including: Topopah Spring
welded (TSw2, 111.2 m thick); Topopah Spring vitropyre (TSv 8.4 m thick); Calico Hills
nonwelded vitric (CHnv, 80.7 m thick); and Calico Hills nonwelded zeolitic (CHnz,
121.2 m thick). The saturated zone is assumed to have parameters of the Bullfrog (BF)
unit.

Radionuclides leached from the waste facility are advected and dispersed downward
through the unsaturated zone. The UZ is modeled using a double porosity simulation
incorporating advection, dispersion, fracture and matrix sorption, and radioactive
decay and daughter ingrowth. Once the radionuclides reach the water table, they can
advect, disperse and decay within the three-dimensional saturated aquifer. Transient
conditions in the UZ were modeled; steady-state conditions in the SZ were assumed at
all times (even when the elevation of the water table and UZ percolation rates changed
with time due to climate changes).

This model is incorporated directly into IMARC. Abstractions have been made in
terms of geometric modeling of the UZ flow paths and the interface of dissolved
nuclides in the UZ with the SZ. These abstractions are shown in Figure 14-3. Flow and
transport through the UZ is assumed 1-dimensional, and is conducted through three,
non interacting vertical columns representing flow beneath the wet zones for each of
the three temperature histories assumed. The model description of the three repository
temperature regimes shown in Figure 14-3 consists of areas of a, a, and y temperature
profiles (from Figure 4-1) surrounded by a dry repository zone. The areas of the a, A,
and y profiles are approximately the average fractional areas of the repository that will
experience those temperature curves, with the fraction for each temperature curve
averaged over all heat transfer mechanisms and flow focusing factors. The a (hottest)
temperature profile was placed closest to the center of the repository, followed by the f3
(medium) temperature profile and the y (coolest) temperature profile near the edge.
Half of the area indicated for the a curve models the longterm wet area subjected to
this temperature profile, and the other half models the area subjected to reflux
conditions for this temperature profile (these conditions last 2000 years, after which
part of the repository is dry). Similar conditions apply for the J3 and ycurve. The
geometry of these areas models the correct order of nuclide transport and arrival at the
far field (nuclides dissolved in the coolest part of the repository would arrive first at an
observation point located 5 km downstream, followed by nuclides dissolved in the
medium and hottest parts of the repository). Thus this geometry correctly models any
effects that the thermal pulse will have on early releases, prior to 10,000 years.
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However, later sensitivity studies indicated that the exact geometry of the a, F3, and y
areas was not critical to the concentraion and dose calculations downstream; an
alternative geometry rotated 900 indicated substantially the same results.

It is not necessary or efficient to model geometrical changes in these columns with time
as the wet fractions of the repository change, for the following reason. The correct mass
of dissolved nuclides is calculated a input to the UZ transport calculation. This mass is
a function of the waste properties, container failure rates, percolation rates, and wet
fracitons of the repository. Following the UZ transort calculation with the correct
percolation rate and focused flow factor, the nuclide mass flux is carried across the
UZ/SZ interface and transported downstream in the SZ. Thus, the only approximation
in maintaining a constant geometry of the a, a, and y regions is that the associated
volumetric flow of water is an approximateion to the correct volume of water. This is
of little consequence because the horizontal flux in the SZ is much higher, and this
(along with dispersion) determines concentrations downstream.
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Figure 14-3 Schematic of UZ and SZ flow and transport model.

The retardation of each nuclide is represented by three Kd values, as shown in Table
14-4 for the five geologic layers modeled.
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Overview of the IMARC Phase 3 Model

Regional Hydrology

A general study of the effects of regional hydrology in diluting the contaminant plume
is reported in Section 8.2, and that study has been abstracted for the PA calculations.
Dilution is determined to be a function of distance to the repository, geometry of the
plume, and other factors, all of which lead to dilution factors between 0.2 and 0.05 (as
contaminants move to 15 or 25 km downstream from an assumed starting point of 5 km
downstream). For the purposes of these calculations we assume that the dilution
caused by regional hydrology is 0.1. A more detailed model of the regional hydrologic
flow, plume size, and possible locations of recipients would be required to justify a
more precise dilution factor.

Therno-Mechanical Analysis

The present work is different from the previous two studies presented in earlier
IMARC reports. The previous two studies focused on the stability of container
boreholes where the waste was originally to be stored. The reference design for waste
storage is now in horizontal emplacement drifts, and the potential for slip along joints
in the rock mass surrounding these drifts must be taken into account. Secondly, the
previous two studies analyzed the thermo-mechanical response of the repository for
10,000 years. There is now interest in understanding the behavior of the Yucca
Mountain site past 10,000 years and the present analysis looks at the response of the
repository for one million years.

A finite element model was used for the analysis. Modifications were made to the
finite element code that was used in the Phase 2 work. Most importantly, the finite
element model was modified to take into account a distribution of joints that can slip as
a function of resolved shear and normal stresses and time. Modifications were also
made for several different thermal loading scenarios and mechanical loading scenarios.
Model parameters needed include joint material properties, elastic material parameters,
thermal loading parameters and mechanical loading parameters. These parameters are
not known exactly, and a range of values were used for the primary variables and
probabilities were assigned for different scenarios involving different sets of values. In
total, four material property scenarios, three thermal scenarios, and four in-situ stress
scenarios were considered, making a total of 48 different sets of properties. Each of
these cases was run with the finite element model.

The results of the 48 runs are presented in terms of the stability of the emplacement
drifts at 100 years, 10,000 years, and 1 million years. At each of these time periods, the
probabilities that the drifts will encounter minor, moderate, major or extended spalling
have been determined. Finally, the size of the blocks that fall are determined
probabilistically as a function of the strength of the rock. The combination of the two
sets of probabilities are summarized in Table 14-5 for the time steps <103, and >103
years. The results have been separated for the three temperature history curves shown
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in Figure 4-1. The results indicate that the portion of the repository following the
gamma curve (lower temperatures) is much more stable than that following the alpha
curve (highest temperatures). Also, the results indicate that most of the spalling occurs
within the first 1000 years. The effects of rock spalling on repository performance
appear minor. Because of the minimal impact on performance due to
thermomechanical effects, these effects are now neglected in LMARC Phase 3.

Table 14-5.
Results of the Rock Fall Analysis

Properties Rock Fall

Thermal Material Max Size Ave Size Probability in Probability
(meters) (meters) the first 1000 before or after

years the next 1000
years

Alpha Strong 0.5 0.3 0.01 0

Medium 0.2 0.15 0.14 0.07

Weak 0.1 0.075 0.064 0.032

Very Weak 0.075 0.04 0.032 0.032

Probability 0.754 0.866
of not falling

Beta Strong 0.5 0.3 0 0

Medium 0.2 0.15 0 0

Weak 0.1 0.075 0.032 0.032

Very Weak 0.075 0.04 0.032 0.032

Probability 0.936 0.936
of not falling

Gamma Strong 0.5 0.3 0 0

Medium 0.2 0.15 0 0

Weak 0.1 0.075 0.016 0.032

Very Weak 0.075 0.04 0.032 0.032

Probability 0.952 0.936
of not falling

14-23



Overview of the IMAC Phase 3 Model

Volcanic Hazards

This assessment is based on a probabilistic volcanic hazard assessment made over an 18
month period in 1995-96 by an expert panel of 10 volcanologists administered through
a Methodology Team headed by Geomatrix Consultants, Inc. and sponsored by DOE.
The final results of that panel (Geomatrix, 1996) were published in a document, called
here the PVHA Report, which contains complete descriptions of the details of the
process, methodologies, data and condusions. The aggregate estimate for annual
probability of magmatic intrusion during the next 10,000 years at the proposed
repository of Yucca Mountain made by the 10 expert panel members for the PVHA
Report is 1.5*104 with 5% and 95% confidence bounds of 5.4*1010 and 4.9*104,
respectively.

For the short term of the next 1000 years the only real possibility of activity in the Yucca
Mountain area would be a resumption of eruptions associated with the Lathrop Wells
center. Such an eruption would be centered near Lathrop wells and would lie on a dike
system like the ones described in the following text. The annual probability of a dike
related to this type of event having an intersection with the repository is about 2*107,
assuming that the Lathrop Wells system is still active.

Based on one of the models developed for the PVHA panel, our estimation for the long-
term (the next 10,000 to 100,000 years) annual probability of an intersection of a
volcanic event with the proposed repository is 1.8*104 with uncertainty bounds of
2.9*104 and 4.7*10W at the 5% and 95% confidence levels, respectively. Since this model
and resultant estimate are based on the assumption of a homogeneous temporal
probability over the period of the past 5 million years, the annual rate estimate of
1.8*104 would apply for a period of one million years in the future as well.

Because of the low probability of volcanism directly impacting the repository site, EPRI
has neglected volcanism in its Phase 3 IMARC TSPA model.

Earthquakes

Tectonic activity is not expected to significantly impact repository integrity as described
in Chapter 11. Therefore, tectonic activity was not considered in IMARC Phase 3.

Human Intrusion

Human intrusion likewise was examined in previous studies by EPRI (EPRI, 1990;
1992), but current thinking is to exdude this scenario from TSPA calculations because
critical probabilities (such as the probability that drilling will occur) are almost
completely unquantifiable. In addition, the nature of the intrusion is unknown. Our
container failure model already has the probability that one or two containers may fail
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very early. Although the early failures are assumed to be due to manufacturing flaws,
they could also be considered to be due to human intrusion. Since "failure" means the
container has 5% of its surface area available for advective flow, this may be assumed
to be due to a drill hole. Our source term model already assumes bare fuel anyway.
Thus, the human intrusion scenario is not included specifically in our current
calculations.

Biosphere Dose Conversion Factors

Previous versions of IMARC focused on calculating total releases of radionuclides past
a five kilometer boundary. In addition to aqueous release via groundwater, attention
was paid to gaseous release of carbon-14 since it was the major contributor to total
release as defined by the previous performance standard for Yucca Mountain
(40CFR191). It has become increasingly apparent that the major performance indicator
in the future will be dose (or health risk) to individuals living near Yucca Mountain in
the distant future. The recent interest in estimating possible doses of radioactivity to
individuals in future populations from underground nuclear waste repositories has
prompted calculations of dose in a probabilistic format. This is a logical extension of
current performance assessment efforts, which make probabilistic estimates of
radioactive releases. To make probabilistic dose estimates, three basic analyses are
conducted in IMARC Phase 3.

First, the probability distribution of releases from the repository (quantifying the effects
of uncertainties in models and parameters) are estimated for time periods of interest to
dose calculations. Second, factors converting released radioactivity to human doses are
derived considering the pathway by which nuclides might be ingested by humans.
Factors to convert elemental concentrations to human doses are determined using a
biosphere model. Both the drinking water exposure pathway only and all exposure
pathways are considered. It is assumed that water is continuously abstracted from a
deep well and used for spray irrigation of crops, watering of livestock, and domestic
supply (including drinking water). Irrigated crops are assumed to become
contaminated directly by interception of spray irrigation water, or through root uptake
and soil splash. Contamination in such crops are assumed to be in equilibrium with
concentrations in well water and surface soil. Details of the physical characteristics of
each compartment, the rates of compartment transfer processes, and the element-
specific distribution coefficients can be found in EPRI (1996). Dose conversion factors
used in the TSPA calculations are listed in Table 14-6.

An important point about the above biosphere model is that it is representative of
conditions that exist in the regions currently used for agriculture. Thus, for the case of
Yucca Mountain, it represents regions such as those around Amargosa Valley -
approximately 25 kilometers downstream from yucca Mountain. Thus there is no
abstraction involved in applying the dose conversion factors to the PA calculations.
Dose conversion factors used in the PA calculations are listed in Table 14-6 (these are
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doses in mrem/yr per mole/yr released from the repository and transported
downstream to a drinking water well or other point of use):

Table 14-6.
Biosphere Dose Conversion Factors. Factors are dose in mremlyr per mole/yr.

Nucide Water Pathways All Pathways

Se-79 3.5E+7 2.1E+11

Tc-99 2.4E+6 4.5E+7

1-129 5.6E+6 4.3E+7

Pa-231 4.6E+10 2.9E+13

Np-237 4.1E+7 4.1E+8

U-233 2.5E+8 8.7E+10

Th-229 1.7E+11 4.2E+13

Finally, the population at risk is considered. In some analyses the population at risk is
considered to be a "conservative individual," that is, the single hypothetical person who
lives as dose as possible to the repository, drills a well exactly into the most
contaminated part of the groundwater, extracts water with the maximum contaminant
concentration, and uses that water for drinking, crop irrigation, and support of
livestock (that this individual also consumes) for the individual's entire lifetime. EPRI
also conducted illustrative calculations in an attempt to consider more realistic (i.e., less
pessimistic) individuals at risk. Some of the illustrative factors that EPRI considered
are the dilution effect of multiple wells and the probability of detecting the
contaminants. EPRI employed these probability and dilution factors to arrive at a
probability distribution of the maximum dose received by these, potentially more
realistic, individuals in the larger population at risk.

In the example developed for application in Phase 3, three cases are used from a
previous EPRI study (EPRI, 1994) based on three types of population distributions in
the vicinity of the site. The three population distributions considered are: (a) a single
farm in the vicinity of the repository, which may have a well to supply both drinking
and irrigation water; (b) a small population, characterized by individual farm families
living in the vicinity of the repository drawing at least some of their water resources
from the groundwater where they live; and c) a large population, characterized by a
large city partially supplied by water from a well field in the vicinity of the repository.
All three populations are assumed to possess and use technology at a level similar to
that found in the US today.
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With the critical population defined, it is then necessary to define the "average
individual' within that critical population. To do this, the probabilities or dilution
factors for each population are used to define two additional factors. These two factors
are used to convert the dose distribution for the maximally exposed individual to the
dose distribution for the average individual in the critical population. The two factors
are:

Pe = probability that exposure will occur to at least one individual within the
critical population, and

f = fraction of the critical population that actually receives a dose, or dilution
of the dose received by individuals in the critical population, given that at
least one individual is exposed.

The values of p andf are shown in Table 14-7. As can be seen in this table the values

for the conservative individual are both one-by definition. That is, the conservative
individual is always assumed to be engaged in the activities that will lead to a higher
dose. The combination of these two factors acts to reduce the dose to an average
individual in the other three hypothetical populations by approximately two to five
orders-of-magnitude when compared to the dose rate to the average individual. This
provides an illustration of just how conservative the use of a conservative individual is
likely to be.

Table 14-7.
Illustrative Values of Pe and f

Pa f pfxf

Maximally exposed individual 1 1 1

Single farm scenario: 2x10-2 3xl0-1 6 x 10

Small population scenario: 1 4x1(Y3 4x10-3

Large population scenario: 9 x 10-2 3xlOA 3x104

14.4 IMARC Logic Trees Used

Figure 14-4 shows the logic tree used in the "full" run, "base" case. Instead of a
continuous distribution of parameter values that a Monte Carlo approach uses, the logic
tree approach uses discrete parameter values and assigns probabilities to them. The
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number of branches on the logic tree for the "full" run total 162. Figure 14-5 shows the
logic tree used in the "8 branch" sensitivity studies.
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Figure 14-4 Logic tree structure for the "full" run, "base" case.
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Figure 14-5 Logic tree structure for the "8 branch", "base" case.

14.5 Limitations

Although we strive to represent the essential processes we believe occur now and will
occur in the future at Yucca Mountain, there is too much unknown to say our results
come anywhere near being "predictions" of the future. Rather, they are stylized
scenarios whose quantitative results must be used with care - especially when used for
regulatory compliance purposes.

Several obvious limitations apply to this work. First, we have used only one
calculational model for source term, waste container failure, flow, transport, and dose.
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While multiple parameter values have been used to model uncertainties, multiple
models have not been used in these areas and this limitation should be recognized.

Second, in some areas we have not represented uncertainties because we believe that
they are of secondary importance compared to the uncertainties that we have identified.
This includes models of container failure (we represent the distribution of container
failures, but not the uncertainty in that distribution), net infiltration given the climate
model, hydrologic properties of the geologic layers, and some properties of
radioelements that are well-known (e.g. half-lives and initial inventories). Other
parameters are not treated as uncertain in our PA model but the sensitivity of dose
rates to these parameters is examined in exploratory analyses. This includes lateral
diversion, rates of infiltration, the size of failures in waste containers, sorption in the
corrosion product and backfill, and the fraction of the repository that is wet. It has
always been the position of the EPRI PA effort that a complete PA representation of
repository performance consists not only of the final calculated dose distributions, but
also of sensitivity studies showing which parameters, models and assumptions are
most critical. With this perspective we conduct as many sensitivity studies as feasible
and include in our base case results the uncertainties that matter most.

There are some components that we did not consider. Their importance is unknown.
Some of these components are:

All radionuclides for all sensitivities. For example, some peculiar combinations of
models and parameters for alternate radionuclides might make some of these
alternate radionuclides appear important. If we had chosen high thorium or
plutonium solubilities and very low sorption values, some of the thorium or
plutonium radionuclides might have caused a high calculated dose rate.

* Colloidal transport. Since many radionuclides can precipitate into colloids or can
sorb onto natural colloids, the potential exists for colloidal transport to alter our
conclusions. Further research on colloid-aided transport - especially in the
unsaturated zone - would be useful.

* Very slow rewetting of the repository following dryout.

14.6 Expert Judgment

Expert judgment enters a PA (or any other assessment of repository performance,
including deterministic assessments) in many areas. First is in the choice of models and
assumptions used to represent the physical characteristics of the area and the
engineered features of the proposed design. Second is in the choice of parameters used
in those models and assumptions, and in the representation of uncertainties. All of our
inputs have benefitted from comparisons with similar efforts being conducted by DOE,
and our consultants have adopted the perspective of encompassing the range of
reasonable models, parameters, and assumptions that have been proposed at Yucca

14-30



Overview of the IMARC Phase 3 Model

Mountain. Of course the judgment of all experts is guided by their education and
experience, and all experts are "biased" in the sense that they apply their own views of
scientific and engineering credibility when making choices and recommendations on
models, parameters, and assumptions. Where expert judgment was quantified for our
PA, this was done accounting for relevant data, published studies, and theory in the
context of the range of interpretations that could be made. The specific assignment to
all experts in the EPRI PA effort was to encompass and represent all credible models
that have been proposed for Yucca Mountain in their individual assessments. In the
context of current trends in the field of expert elicitation, the consultants in this project
who provided inputs acted as "integrators," not as "proponents" of specific models.
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15
RESULTS (ROBIN MCGUIRE, JOHN VLASITY, AND

JOHN KESSLER)

This chapter presents results of 1MARC calculations showing the expected dose rates
vs. time for the input parameters and models used in the base cases (where the full
range of parameter variation is used)', sensitivity studies, and reduced cases where
particular effects are examined. Unless otherwise stated for a particular set of results, it
should be understood that calculations show the mean (expected) dose rate to a
"conservative" individual using groundwater extracted 5 km downstream from the
repository perimeter. In this context, "expected" means the average dose rate at any
particular time calculated by integrating over the entire distribution of doses that might
occur (which are represented by the family of end branches in our logic tree).
"Conservative individual" means that we identify the highest concentration of
radionuclides in the groundwater plume and assume that the individual drinks and
uses water for domestic and self-sustaining agricultural purposes with that
concentration!. Separate sensitivity studies show the effects of more reasonable
assumptions on how future populations might be affected by groundwater
contaminated by radioelements from a repository at Yucca Mountain. For all results
except the Advanced Container Design, a model of the baseline container is used,
consisting of a 2-cm alloy 825 barrier surrounded by a 10-cm corrosion-allowance
barrier such as carbon steel.

lThe term "expected dose rate" in this report always refers to the expected dose rate from the

IMARC calculations based on the input parameters.
2 The "conservative" individual differs somewhat from the concept of a "maximally exposed"
individual. Although they both share the characteristic of utilizing groundwater from the peak

plume concentration, the "conservative' individual displays "average" behavior leading to
exposure and "average" consumption of a variety of agricultural products produced with

contaminated groundwater (average rates of consumption among a consuming population, i.e.,

the average is not lowered by averaging over a population of largely non-consumers). The
"maximally exposed individual" on the other hand, will be assumed to exhibit extremes of

consumption and behavior that maximize the calculated dose.
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Figure 15-1 shows expected dose rates for the drinking water exposure pathway
("water only") vs. time for the "full-run base case," which consists of 162 end branches
of the logic tree. Calculations are shown for seven radionuclides: 'Se, "Tc, "'I, WNp,
'U, "Th, and 'Pa (which includes the dose from WAc). These are the seven nuclides
that lead to the highest doses, as will be illustrated below with a calculations using a
larger list of radioelements. Figure 15-1 shows the contribution by nuclide and
indicates that "Tc and 129I give the largest contribution to dose and that this dose occurs
within 100,000 years but well after 10,000 years. These elements are not retarded and
are transported most quickly to the accessible environment. At times past 300,000
years, 7Np gives the highest contribution to dose. Less important contributors within
one million years are 'Pa (which includes wAc), 'Th, and MU. 'Se is included in
these calculations, although it does not show up in the drinking water exposure
pathway dose calculations, because it contributes to total dose from other biosphere
pathways as will be demonstrated below. The reason for the significant decrease in
dose from 90,000 to 100,000 years in this (and other) plots is that we model an
interglacial climate during this period, and as a result the water table drops 22 to 87 m
depending on the climate model, leading to increased travel time and sharply reduced
doses at 100,000 years. Beyond 100,000 years an average climate and average water
table is modeled in steps of 100,000 years. Water table changes contribute to short-term
changes in concentration and dose rate. Reductions in water table reduce doses, and
this is most noticeable from 90,000 to 100,000 years, where a decrease of 22 to 87 meters
increases the travel time in the UZ and reduces concentration and dose from 90,000 to
100,000 years. Increases in water table at 25,000 and again at 50,000 years also lead to
jumps in dose, but these are less noticeable because few of the 162 branches included in
the base case have begun to exhibit significant breakthrough at 25,000 years; at 50,000
years the calculations indicate a jump in dose that is large in absolute value but does
not appear as a large increase on a logarithmic plot. The reason why the "Tc curve
temporarily flattens between 100,000 and 200,000 years will be discussed later.

After 100,00 years the infiltrations are modeled as constant and the water table is fixed;
both are set equal to their time-averaged values post 100,000 years. These are as
follows: minor and moderate greenhouse climates, infiltration = 2.54 mm/yr and water
table change = 72 m; permanent greenhouse effect, infiltration = 1.2 mm/yr and water
table change = 0.

Sensitivities to the input assumptions for the full-run base case are calculated for
individual nuclides. These sensitivities are shown in Figures 15-2 through 15-6 for "Tc
and in Figures 15-7 through 15-11 for 7Np. We chose to perform sensitivity studies on
these two radionuclides because they are two of the major contributors to dose and
have significantly different transport behaviors due to their chemistry. Technetium has
a fairly high solubility and is relatively non sorbing; neptunium has a somewhat lower
solubility, but mostly differs from technetium in that it is sorbed by most Yucca
Mountain rocks.

15-2



Results

For "rc, Figure 15-2 shows the sensitivity to thermal process. The three processes
considered (conduction, convection, and heat pipe) indicate a sensitivity of dose of
about a factor of 2.5, with heat pipe indicating the highest doses. The heat pipe thermal
process leads to higher doses because a larger fraction of the repository is assumed wet
under this condition (refer to Table 4-5 for the weak focusing case, which carries a 50%
weight). Convection has an intermediate fraction wet, followed by conduction, which
is why the latter indicates the lowest doses.

Figure 15-3 shows sensitivity to the focused flow factor, with a value of 15 giving
earlier peak arrivals because of faster velocities through the unsaturated zone. After
50,000 years when the heat pulse has dissipated, the focused flow factor of 3 indicates
higher dose rates. The "weak focusing" case (flow focusing factor of 3) delays the
arrival of peak dose from 50,000 to 60,000 years, but leads to fairly uniform doses out to
90,000 years (when doses from the "strong" focusing, flow focusing factor of 15, are
declining). This is expected as the reduced flow increases travel time in the UZ when
compared to the strong focusing case.

The weak focusing case in Figure 15-3 (focused flow factor of 3) shows nearly constant
dose between 100,000 and 200,000 years due to the water table-induced drop in dose at
100,000 years. If not for this water table drop the weak focusing case would show a
smooth decrease in dose starting at 90,000 years and continuing through 200,000 years.
The strong focusing case (focused flow factor of 15) is characterized by shorter travel
times to 5 km. For this latter case, the bulk of the plume has already passed 5 km by
90,000 years, so the water table drop between 90,000 and 100,000 years has little
residual effect on the dose curve between 100,000 and 200,000 years.

The doses for the two focused flow cases are not proportional to the wet zone
percolation rates (i.e., a factor of five) because '9Tc is reaction rate-limited; the inventory
released is proportional to the fraction of repository wet, not to the wet zone
percolation rates.

The effect of changing infiltration on travel time in the UZ is illustrated in Table 15-1,
where the time of peak concentration at the water table is indicated. These results
include the effect of container failures over time and thus give a realistic representation
of the overall effect of how much changes in infiltration affect the time of peak doses.
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Table 15-1.
Time of the peak concentration at the water table as a function of infiltration rate.
The time of peak concentration includes the effect of container failures over time.

Infiltration Time of peak concentration at the water table

10 mm/yr 43,000 years

5 47,000

1 89,000

0.75 105,000

0.50 131,000

0.25 170,000

Uncertainty in solubility and alteration time is modeled together, that is, low
solubilities are coupled with a long alteration time and high solubilities are coupled
with a short alteration time. Figure 154 shows the sensitivity to these parameters; 9Tc
is generally alteration-rate limited for the moderate and high estimates of solubility.
The short alteration time of 4,000 years leads to the highest dose rates, with the
moderate alteration time of 10,000 years (which is hidden in the plot by the integrated
curve) leading to dose rates about a factor of two lower. The low estimate of solubility
for "Tc is extremely low (only 104 of the high solubility value), and this governs its
release and dose rate (rather than the alteration time), so the dose curve for the low
estimate dose not appear on Figure 154.

The fast alteration time curve on Figure 15-4 falls off quickly after 100,000 years because
the inventory has been depleted and most of the nuclides have passed the 5 km point
by this time. For the moderate alteration time the decrease is more gradual, except for
the sharp reduction in dose at 100,000 years caused by water table change.

Sensitivity to climate duration for `Tc is plotted in Figure 15-5. The minor and
moderate greenhouse effects lead to similar doses; the permanent greenhouse state
gives dose rates that start later, are lower in maximum dose rate, but last longer. (For
the permanent greenhouse state there is no change in climate at 90,000 to 100,000 years,
so there is no change in water table and no quick drop in dose rate from 90,000 to
100,000 years.)

Figure 15-5 makes it clear that the behavior from 90,000 to 100,000 years results from
our modeling of climate, infiltration, water table change, and groundwater flow and
transport. There is no assurance, of course, that these changes will take place exactly as
we have modeled them. Clearly they won't. But the strength of including these effects
is to show their potential impact, which is not large. After 100,000 years we model
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infiltration and water table as time-invariant, for efficiency in calculations, but this does
not affect the overall times or dose rates for doses that occur after 100,000 years.

"Tc is modeled as having no retardation in the Yucca Mountain tuff, so there is no
sensitivity to retardation parameters. This is illustrated in Figure 15-6.

For 2'Np, Figure 15-7 shows the sensitivity to thermal process. As for "Tc, there is a
slight sensitivity of about a factor of 2.5 total range in estimated dose rate for the three
thermal processes. Figure 15-7 shows that the magnitude of the peak dose rate doesn't
depend on the thermal process. Variations in the fraction of the repository wet during
the thermal period (first 50,000 years) is masked by the fact that the thermal period
ends approximately 100,000 years before the ' 7Np peak even begins rising.

Sensitivity of 27Np to the focused flow factor is illustrated in Figure 15-8, with the
focused flow factor, 'd', of 15 leading to higher dose rates (this was the case for "Tc, at
early times). The dose rate for 'd'=15 occurs earlier than for 'd'=3 because of faster
velocity through the UZ. But the peak dose rates are about the same for the two
focused flow factors. This is because 'WNp is somewhat solubility-limited so both wet
zone percolation rates will carry away the same 'Np mass.

The solubility/alteration time sensitivity of 27Np is shown in Figure 15-9. Here the low
solubility gives the lowest dose rates, and the moderate and high solubilities lead to
rates that are higher by a factor of about three. Moderate and high solubility lead to
similar dose rates for 'WNp because, for the high solubility, the amount of "'Np in
solution at the source is controlled by the alteration time, not the solubility value.
Beyond 100,000 years the time steps made by IMARC are 100,000 years, so differences
in alteration times of 4,000 to 10,000 years do not lead to detectable differences in
calculated dose rates.

Figure 15-10 shows that the difference between a minor and moderate greenhouse
effect is small for dose rates from W'Np, as it was for "Tc. However, the permanent
greenhouse effect leads to lower dose rates, by a factor of about three at 500,000 years.
This is because the time-averaged infiltration rate for the permanent greenhouse state is
roughly half that of the other two climate states. Since 7Np is somewhat solubility-
limited this means less 27Np is released so causes a lower peak dose rate.

Uncertainty in matrix retardation is a major contributor to uncertainty in peak dose rate
arrival time for 217Np (at least at times less than 500,000 years), and this is illustrated in
Figure 15-11. Low retardation leads to higher early dose rates, with the maximum dose
rate observed at about 300,000 years, whereas this dose rate does not occur until 400,000
years for moderate retardation and about 800,000 years for high retardation. At one
million years dose rates are about the same for the three retardation values, as would
be expected: retardation slows the transport but does not reduce the concentration of a
nuclide in the main part of the contaminant plume.
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Figure 15-12 shows an additional calculation using the full-run base case but using dose
conversion factors that account for all biosphere exposure pathways by which the
individual might be affected. Therefore Figure 15-12 estimates the total dose to the
conservative individual from all pathways. This assumes that the individual consumes
plants and animals as food that have been grown or raised entirely using water with
the maximum concentration at any location in the plume (as described in Chapter 9).
For this calculation, "Tc and PI are again the major contributors for times less than
100,000 years, 'Se contributes to the total dose between 200,000 and 300,000 years, and
major contributors at longer times are 'U, and P'th. 7Np and 'Pa (with SAc)
contribute less at long times because dose conversion factors for non-drinking water
exposure pathways provide a large fraction of the total predicted dose rates for MU and

The increase in dose added by considering all pathways varies by nuclide. For "Tc and
"'I, for example, 5% and 13% of the dose, respectively, comes from the drinking water
pathway, with most of the total dose attributed to consumption of fruit. By contrast, for
'Se and MU, only 0.2% and 0.3% of the dose comes from the drinking water pathway.
The largest doses are attributable to cow liver (71%) and cow milk (74%), respectively.
Refer to Table 9-7 for a full description of the most important contributors to dose for
each nuclide.

It should be remembered that the doses for all pathways were estimated based on a
self-sufficient farming community. This, in reality, is more likely to be in Amargosa
Valley, some 15 to 25 km downstream rather than 5 km. Thus additional reduction in
peak dose will occur due to dilution and decay. The reduction will be a factor of ten or
more, as described in Section 8.2. However, this additional reduction has not been
included in Figure 15-12.

Several additional calculations were made with the full-run base case to illustrate the
effects of different design assumptions and the importance of various parts of the
potential repository. Figure 15-13 shows a full-run base case for water-only pathways
with the advance container design (ACD), consisting of a 0.5-cm Grade 16 titanium
alloy barrier surrounding a 2-cm alloy C-22 barrier. Comparing this plot to Figure 15-1
shows that the release and dose rate of all nuclides are substantially delayed by the
ACD. "Tc and 'I now give a maximum dose rate at 300,000 years (instead of 60,000
years as shown in Figure 15-1), and the WNp dose rate is delayed several hundred
thousand years. The spike in dose rates for "Tc and '291 at 90,000 indicate the increasing
dose from those nuclides; the dose rate is reduced (below the horizontal axis of the
plot) at 100,000 years because of the decrease in water table as explained previously,
and increases again at 200,000 years when a stationary climate is modeled. Figure 15-
14 shows this by plotting the sensitivity of 99Tc dose rates to climate assumptions, with a
shifted vertical axis so that the peaks and troughs at 100,000 years can be seen. For the
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corrosion product and backfill and in the lm-thick SZ as we have modeled it for this
calculation.

Figure 15-18 shows that geology below and downstream of the repository is important
in reducing and delaying doses. We have not removed all of the geology from the
model with this run. Substantial gains come from reduction in infiltration, keeping
most of the repository dry, delaying failures of containers, and reducing contact
between waste and water. All of these effects are still included in the results of Figure
15-18.

The extreme case of disregarding the effects of both geology and containers is
illustrated in the dose curves shown in Figure 15-19. Here all containers are assumed
to fail at year 1000 (as in Figure 15-15) and the UZ and SZ are modeled as in Figure 15-
18. In this case dose rates are high at very early times except for actinides, which are
retarded somewhat in the corrosion product, backfill, and lm- hick SZ.

The purpose of this purely hypothetical calculation is to show that, even without
containers or UZ/SZ geology, there are bounds on the peak concentrations and dose
rates because of limits on the fraction of the repository that is wet, and limits of
alteration rate and solubility. The entire inventory of waste does not dissolve, and
what does so does not dissolve at once.

For additional sensitivity studies a reduced set of end branches was used to achieve
more efficiency in calculations. This reduced set consisted of the three most important
nodes on the logic tree, using two branches each to represent uncertainties, resulting in
eight end branches. These nodes and branches, shown in Figure 14-5, are as follows:

1. Solubility/alteration time: high and low solubilities (fast and slow alteration
times).

2. Focused flow factor: factors of 15 and 3.

3. Retardation high and low retardation values.

For the remainder of the full-run base case nodes, single values were used. Specifically
the "moderate greenhouse" climate condition was assumed and the convection thermal
process was adopted, as central assumptions.

Figure 15-20 illustrates the "8 branch base case" from this reduced set of runs. The
resulting dose rates vs. time are similar to those calculated from the full-run base case
illustrated in Figure 15-1. This justifies using the reduced set of assumptions for further
sensitivity studies and exploratory calculations.
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The first of the 8 branch runs is made for a list of 22 nuclides, including all major
nuclides that have been proposed as major contributors to dose at the potential
repository. Figure 15-21 shows the dose rates for these nuclides using water pathways,
and Figure 15-22 shows dose rates for all pathways of exposure. (Note that the vertical
axes of Figures 15-21 and 15-22 are shifted lower than previous figures to allow most of
the radionuclides to appear on the graph.) The seven nuclides used in previous plots
dominate the contributions to dose, which is why they were used for the full-run cases
described above.

It could be the case that, under certain assumptions such as no-geology, nuclides other
than the seven chosen for the sensitivity studies might contribute substantially to total
dose. The purpose of these studies of special assumptions was not to identify which
nuclides contributed most under those alternative assumptions, but to look at
calculated dose rates for the seven important nuclides when the assumptions of the
calculations changed. This will lead to conclusions on how much each part of the
repository contributes to delaying and reducing dose rates for the seven nuclides that
are most important under realistic conditions.

A set of exploratory calculations was made to determine the effect on dose rates of
alternative infiltrations and areas wet within the repository. The first of these, Figure
15-23, shows the effect of reducing infiltration to 0.1 mm/yr. The main nuclides
showing doses at this low infiltration rate are '9Tc and PI, and their maximum dose
rates are about a factor of ten lower than for the base case. Also, these doses peak at
times greater than 100,000 years. The actinides, because they are retarded, lead to peak
doses at times greater than 1 million years. There are two peaks in dose from 1"I

shown in Figure 15-23. The first (at 300,000 years) corresponds to fracture-dominated
flow, and the second (at 1 million years or later) corresponds to matrix-dominated flow.

The infiltration rate of 0.1 mm/yr is substantially less than our base case, time-
averaged values of 2.5 mm/yr for minor and moderate greenhouse climate and 1.2
mm/yr for the permanent greenhouse climate. Our container failure distributions,
fractions wet, flow focusing factors and water table rises were chosen based on the base
case (best estimate) infiltration rates, and there is some inconsistency in continuing to
use them for Figure 15-23 (and 15-24 that follows). However, these are purely
illustrative figures to show the great sensitivity to infiltration rate of travel times in the
Uz.

Figure 15-24 shows dose rates for a fixed infiltration rate of 25 mm/yr - roughly an
order of magnitude increase over the base case values. For this calculation "Tc and nI
doses peak at 40,000 years and then decline (their inventory is exhausted) and 2 Np
doses start at 90,000 years and peak at 200,000 years. Maximum dose rates for "Tc and
129I are about the same as for the base case because the release of these nuclides is
controlled by alteration rate so additional water does not increase the mass of nuclides
going into solution. For WNp the main effect of increasing infiltration is to give earlier
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doses (at 200,000 years versus the base case where doses rise steadily from 300,000 to
one million years). The expected dose for WNp is controlled by the moderate solubility
and alteration rates. Otherwise the dose from 7Np would increase proportionally to
the infiltration rate, which it does not.

Figures 15-25 and 15-26 show results when the assumed fraction of the repository that
gets wet is 50% and 100%, respectively. These are both larger fractions than assumed
for the base case, and they result in dose rates of about the same level as the base case.
The reason is that, for larger wet fractions of the repository, smaller factors are used to
funnel water from the infiltration above the repository to the wet containers (this
preserves the total volume of water entering the repository). Consequently, for "Tc and
"29I more mass goes into solution but it enters the SZ more slowly, resulting in about the
same dose rate but over a longer period of time than for the base case (Figure 15-20).
The actinides appear later because of the slower transport velocity through the UZ but
reach higher concentrations at 1 million years because more of the repository is wet and
more containers (in absolute numbers) have failed. An additional result of the low
flow rate through the UZ is that the reduction in dose rate at 100,000 years (from the
lowered water table) is more pronounced for 100% of the repository wet than for 50%
or the base case.

As for other exploratory calculations, we assumed 50% and 100% of the repository wet
to examine the effect of these alternative assumptions, keeping most of the other base
case values. In fact, if our judgment was that 50%/ or lOO1Ya of the repository were wet,
we likely would modify infiltration models, flow rate, and other details of the
calculations. We did, in this case, change the focused flow factor to guarantee that the
correct volume of water passed the repository. In the case of 100% of the repository
was wet, no focusing factor was used, which is the explanation for the large sensitivity
to water table change in Figure 15-26 (no focused flow factor means minimal velocity in
the UZ).

Doses estimated using an infinite solubility and fast alteration time (1000 years) are
shown in Figure 15-27. Dose curves peak at about the same times and indicate about
the same maximum doses (generally less than a factor of two higher), indicating that
the use of an infinite solubility and fast alteration time would not greatly alter the dose
rates calculated for our base case.

Adding the effects of a concrete invert with associated sorption to the calculations does
not alter dose rates and locations of maximum doses in time from the base case, and
this is illustrated in Figure 15-28. Earlier sensitivity studies, not reported here, showed
the reason why the concrete invert has little effect is that the flow rate through the
invert is too high to get much delay. For lower fluxes these early sensitivity studies
showed a significant enhancement in retardation for those radionuclides that sorb onto
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concrete. This point will be made clearer in Figure 15-35, where there is only a
diffusive pathway through the concrete.

Some sensitivity studies were carried out by changing source term sorption
(specifically, sorption in the corrosion product and the backfill) to extreme low and
high values, and these results are shown in Figures 15-29 and 15-30. The dose rates
from fission products are not changed because these elements are not sorbed, but there
are very minor changes in the actinides (low sorption results in slightly earlier and
higher doses, high sorption results in slightly later and lower doses). Overall
uncertainty in source term sorption is not thought to be a major contributor to
uncertainty in dose rates.

The open area of the waste container is estimated in the base case to be 5% of the
container area, and Figures 15-31 and 15-32 show the effect on dose rate of alternative
assumptions of 0.5% and 50%, respectively. The open area determines the flux of water
that comes into contact with the waste. Doses from 'Tc and "I are not affected, as
alteration rate determines the mass of these elements that dissolves, not the volume of
water. For 27Np, reducing the open area to 0.5% reduces the doses by almost a factor of
ten (compare Figure 15-31 to Figure 15-20 at one million years), which would be
expected for a factor of ten decrease in available water for a solubility-limited nuclide.
Increasing the open area to 50% increases the dose by a factor of about three, which is
less than a proportional increase because, as mentioned previously, alteration rates are
a limiting factor for 7 Np at high solubility levels. Thus, `Np shows signs of being
partially solubility-limited and partially alteration rate-limited for the base case.

The possible benefits of an engineered dry-out (EDO) are examined in Figure 15-33.
Here the wet area of the repository is assumed to be only 1% for the first 50,000 years,
after which the same fractions are used as in the base case. Comparing these results to
the Figure 15-20 base case, the dose rates for '9 Tc and HI at 50,000 years are reduced by
a factor of ten (because the wet area of the repository is only 1% for an EDO condition).
However, after the EDO condition passes at 50,000 years, an additional 2% to 6%
(depending on whether flow is matrix- or fracture-dominated) of the containers become
wet (the long-term percentages are 3% and 70/o) and start to release contaminants. This
leads to later peak dose rates for "Tc and 'I at 80,000 years that are about a factor of
two lower than for peak doses from the base case. Dose rates for the actinides are the
same as for the base case at 1 million years, but they start a little later under the EDO
condition.

The effect of adding a Richard's Barrier to the design is illustrated in Figure 15-34. The
actinides do not appear on this plot (i.e., they have been reduced by more than two
orders of magnitude), and "Tc and 'I give a lower dose (by a factor of two) at a later
time. For the Richard's Barrier, diffusion is the only transport mechanism by which
nuclides get into the UZ hydrologic flow. Adding a concrete invert to the Richard's
Barrier design reduces the doses from fission products even further (Figure 15-35).
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Here, 1"I does not appear because it is significantly retarded in the concrete, and the
dose from 9Tc is reduced more than an order of magnitude.

Several sensitivity studies were used to verify that our representation of repository
geometry was adequate. Figure 15-36a shows an 8-branch calculation with the SZ flow
paths oriented in a north-south direction instead of an east-west direction; there is no
substantial difference with our base case. Figures 15-36b and 15-36c indicate the dose
rates obtained by increasing the Y-domain by a factor of two (from 1,600 m to 3.200 m)
and decreasing the Z domain (depth) to 500 m from 1000 m. Neither calculation shows
substantial differences from the base case, giving us confidence that we have
adequately modeled the geometry of the repository.

Figure 15-37 shows the substantial difference in individual dose rates depending on the
assumed characteristics of the average individual. The factors causing these differences
were described in Chapter 10. This figure suggests that the use of a "conservative"
individual - the individual used in all of the previous figures - results in dose rate
estimates that are two to five orders of magnitude higher than average doses in the
vicinity of Yucca Mountain.
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in place of the base case container; all other base case models and parameters; conservative
individual; drinking water exposure pathway only; dose from highest concentration at 5 kmn.
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Figure 15-15 Expected value of individual dose rate versus time due to eight radionuclides. Full run
(162 branches); mass loading of 25 MTU/acre in place of the base case (83 MTU/acre); all other
base case models and parameters; conservative individual; drinking water exposure pathway
only; dose from highest concentration at 5 km.
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Figure 15-16 Expected value of individual dose rate versus time due to eight radionuclides. Full run
(162 branches); all containers assumed to fail at 1,000 years in place of the base case container
failure distribution; all other base case models and parameters; conservative individual; drinking
water exposure pathway only; dose from highest concentration at 5 km.
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Expected value of individual dose rate versus time due to eight radionuclides. Full run (162 branches);
radionuclides exiting the engineered barrier source term model are assumed to enter a 1 meter-thick
saturated zone ("No Geology Below Repository"); all other base case models and parameters; conservative
individual; drinking water exposure pathway only; dose from highest concentration at 5 km.
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Expected value of individual dose rate versus time due to eight radionuclides. Full run (162 branches);
all containers assumed to fail at 1,000 years in place of the base case container failure distribution;
radionuclides exiting the engineered barrier source term model are assumed to enter a 1 meter-thick
saturated zone (CNo Geology Below Repository"); all other base case models and parameters; conservative
individual; drinking water exposure pathway only; dose from highest concentration at 5 km.
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Figure 15-20 Expected value of individual dose rate versus time due to eight radionuclides. Reduced run
(8 branches); base case models and parameters; conservative individual; drinking water exposure
pathway only; dose from highest concentration at 5 lan.
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Figure 15-21 Expected value of individual dose rate versus time, 22 radionuclides included. Reduced run
(8 branches); base case models and parameters; conservative individual; drinking water exposure
pathway only; dose from highest concentration at 5 km.
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Figure 15-22 Expected value of individual dose rate versus time, 22 radionuclides included. Reduced run
(8 branches); base case models and parameters; conservative individual; all biosphere exposure
pathways included ("Total Pathway"); dose from highest concentration at 5 km.



io0

104 * "'Tc
_ _ 129x

- Np

i; 103 . _._ 2 3.U
g ~ 231a (+WAc)

X 102-

Q 101-

100

10-1.
103 104 105 106

Time (years)

Figure 15-23 Expected value of individual dose rate versus time due to eight radionuclides. Reduced run
(8 branches); infiltration rate fixed at 0.1 nmu/yr; water table rise fixed at 70 meters; all other
base case models and parameters; conservative individual; drinking water exposure pathway
only; dose from highest concentration at 5 km.
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Expected value of individual dose rate versus time due to eight radionuclides. Reduced run
(8 branches); infiltration rate fixed at 25 mm/yr; all other base case models and parameters;
conservative individual; drinking water exposure pathway only; dose from highest
concentration at 5 km.



105

- _ 129x

-
237Np

D103 ..... . 2

- 231pa (+2WAc)

p102

101

iS 14 10 10
Time (years)

Figure 15-25 Expected value of individual dose rate versus time due to eight radionuclides. Reduced run
(8 branches); fraction of the repository that is wet fixed at 0.5; all other base case models and
parameters; conservative individual; drinking water exposure pathway only; dose from highest
concentration at 5 km.
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Figure 15-26 Expected value of individual dose rate versus time due to eight radionuclides. Reduced run
(8 branches); fraction of the repository that is wet fixed at 1.0; all other base case models and
parameters; conservative individual; drinking water exposure pathway only; dose from highest
concentration at 5 km.
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Figure 15-27 Expected value of individual dose rate versus time due to eight radionuclides. Reduced run
(8 branches); all solubilities set very large ("Infinite Solubility"); waste matrix alteration time set
at 4,000 years ("Past AT); all other base case models and parameters; conservative individual;
drinking water exposure pathway only; dose from highest concentration at 5 km.
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Expected value of individual dose rate versus time due to eight radionuclides. Reduced run
(8 branches); sorption in the concrete invert considered (is zero in the base case); all other base
case models and parameters; conservative individual; drinking water exposure pathway only;
dose from highest concentration at 5 km.
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Figure 15-30 Expected value of individual dose rate versus time due to eight radionuclides. Reduced run
(8 branches); sorption in the corrosion products and backfill in the source term set to high values;
all other base case models and parameters; conservative individual; drinking water exposure
pathway only; dose from highest concentration at 5 km.
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Expected value of individual dose rate versus time due to eight radionuclides. Reduced run
(8 branches); 50a/o of the canister area assumed open to flow (rather than 5% in the base case);
all other base case models and parameters; conservative individual; drinking water exposure
pathway only; dose from highest concentration at 5 km.
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Expected value of individual dose rate versus time due to eight radionuclides. Reduced run (8 branches);
"Engineered Dry Out" assumed (fraction of the repository that is wet fixed at 1% for the first 50,000 years);
all other base case models and parameters (reverts to 3% or 7%o wet beyond 50,000 years); conservative
individual; drinlkng water exposure pathway only; dose from highest concentration at 5 km.
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Expected value of individual dose rate versus time due to eight radionuclides. Reduced run
(8 branches); Richards barrier assumed to allow transport by diffusion only out of the engineered
barrier; all other base case models and parameters; conservative individual; drinking water
exposure pathway only; dose from highest concentration at 5 km.
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Figure 15-35 Expected value of individual dose rate versus time due to eight radionuclides. Reduced run (8 branches);
Richards barrier assumed to allow transport by diffusion only out of the engineered barrier; sorption in
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drinldng water exposure pathway only; dose from highest concentration at 5 km.

'-A



FI IS- ,

0T 8 Branch; N/S Orientation
Conservative Individual

79Se Water Only
104 . ... .. 99 Tc

- - 129

- =Np

103 ...... U
t _ _ _ ~22iVh

- l3Pu (+=7Ac)

102

: 101

100 /

10-1
103 104 105;

Time (years)

Figure 15-36a Expected value of individual dose rate versus time due to eight radionuclides. Reduced run
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Figure 15-36b Expected value of individual dose rate versus time due to eight radionuclides. Reduced run
(8 branches); width of modeled flow and transport region doubled; all other base case models
and parameters; conservative individual; drinking water exposure pathway only; dose from
highest concentration at 5 km.

enl



0n Totl -8 Branch; Domnan-Z = 500 mi
Conservative Individual

*i-0-@-* 79Se Water Only
104 . . . . "rc

_ _ 1291

- 7Np

-103 ...... - U

0 - t~~~~31pa (+2tyAc)

O 102

10-1

100 14 10 1

Time (years)

Figure 15-36c Expected value of individual dose rate versus time due to eight radionuclides. Reduced run
(8 branches); thickness of modeled saturated zone reduced from 1000 to 500 meters; all other
base case models and parameters; conservative individual; drinking water exposure pathway
only; dose from highest concentration at 5 km.
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16
ANALYSIS OF KEY COMPONENTS (JOHN KESSLER)

In Chapter 15, the major IMARC results were presented. In this chapter they will be
discussed for their implications on what are the key technical components of the
repository system that affect total system performance. In this case "performance" is
measured by the calculated individual dose rates.

16.1 Key Radionuclides

The following three radionuclides consistently provided the largest contributions to
total individual dose rates:

* Tc-99 due to its relative abundance, high solubility, low sorption, long half-life, and
significant dose contribution in the biosphere via drinking water and other
consumption pathways dominated by fruit, root vegetables and grain;

* 1-129 due to its relative abundance, high solubility, low sorption, long half-life, and
significant dose contribution in the biosphere via drinking water and other
consumption pathways dominated by fruit and cow's milk;

* Np-237 due its relative abundance (including significant ingrowth from its parent,
Am-241), solubility just high enough to be generally matrix alteration rate-limited in
the source term, moderate sorption given its long half-life (such that its dose peak,
although delayed due to sorption, was not significantly lowered due to decay), and
significant dose contribution in the biosphere via drinking water and other
consumption pathways dominated by cow's milk and fruit.

In addition, there were five other radionuclides that often contributed a significant, but
lesser amount to the total individual dose rates than the three listed above. They were:

• U-233 and Th-229 which are daughters of Np-237. These two radionuclides
contribute more to total individual dose than does Np-237 itself when all biosphere
consumption pathways are considered. The dominant exposure pathways for both
of these radionuclides are consumption of cow's milk, cow meat and cow liver. The
drinking water pathway contributed no more than 0.4% to the total dose from these
two radionuclides;

• Pa-231 and Ac-227 which are daughters of U-235. When shared uranium solubility
effects are ignored, these two contribute significantly to total individual dose when
all biosphere consumption pathways are considered (the drinking water pathway
provides no more than 0.3% of the total dose contributed by these two
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radionuclides). This is because of the abundance of their parent, U-235, in
combination with the relatively large dose delivered per unit activity. The
dominant exposure pathways for these two radionuclides are: Pa-231, cow's milk,
cow meat, and dust inhalation; and Th-229, cow's milk, cow meat, and cow liver;

Se-79 contributes significantly to total dose when all biosphere exposure pathways
are considered. The dominant pathways are consumption of cow liver, cow meat,
and sheep meat with the drinking water pathway contributing only 0.02% of the
total Se-79 dose. In addition, Se-79 contributes because it has a fairly high
solubility, low sorption, and a reasonably long half life.

An important point about all eight of these dominant radionuclides is that the drinking
water exposure pathway, often the only pathway considered in dose assessment
models, is never the major contributor to total dose. In the case of I-129 the drinking
water exposure pathway contributes only 13% of the total dose as determined by the
biosphere model described in Chapter 9 and in EPRI (1996); for the other seven
radionuclides this pathway contributes even less.

16.2 "Geosphere" Key Components

In this section the key components contributed by the "geosphere" systems are
discussed. Examples of various kinds of "geosphere" components are: climate;
groundwater flow; characteristics of the various rock layers in both the saturated and
unsaturated zones (e.g., gas and liquid permeabilities of the matrix and fractures, van
Genuchten parameters, sorption coefficients, thermomechanical properties); tectonics;
and volcanism.

16.2.1 Infiltratlon/Percolatlon rate

Sensitivity studies shown in Figures 5-20, 5-23, and 5-24 showed that the infiltration
rate can dramatically affect both the timing and magnitude of the dose peaks. When
the time-averaged infiltration rate is lowered from 2.54 mm/yr (for minor and
moderate greenhouse climates) or 1.2 mm/yr (for the permanent greenhouse climate)
for the base case to 0.1 mm/yr, the Tc-99 and I-129 peak arrivals at 5 km are delayed by
greater than 200,000 years and their peak heights are decreased by more than an order
of magnitude. Arrival of the Np-237 peak is delayed until well after one million years.
Conversely, when the time-averaged net infiltration rate is increased to 25 mm/yr the
Tc-99 and 1-129 peak arrivals are pushed forward another 10,000 years; the Np-237
peak arrives several hundred thousand years earlier than the base case. Peak doses for
these radionuclides are increased, but not significantly in this case.
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Since we show these sensitivities to infiltration rate, it is obvious that our assumption
that 80% of the infiltrating water gets diverted laterally away from the repository is also
key. Additional work is required to confirm this assumption.

Because of limitations in our modeling approach, we believe we have underestimated
the sensitivity to infiltration rate as shown in the figures in Chapter 5. We did not
consider how a change in infiltration rate would affect the dominant hydrothermal
mechanisms and heat transfer regimes, the fraction of the repository that is wet, or the
distribution in container failures. If we had, the sensitivity to infiltration rate would
have been even more dramatic. For example, a lower infiltration rate than the base case
would likely reduce the fraction of the repository that could support dripping into
drifts thereby lowering the "fraction wet". Furthermore, a lower infiltration rate would
make it more likely that water could be kept away from the containers even longer,
thereby delaying the onset of container corrosion and resulting container failure. The
converse would be true for higher infiltration rates.

A Richards barrier can act to mitigate a very wide range of percolation rates, thereby
dramatically reducing the importance of uncertainty in net infiltration and percolation
on the regulatory decision. Therefore, it is strongly recommended that DOE consider
engineering approaches to limiting groundwater fluxes through the repository, such as
the Richards barrier.

16.2.2 UZ/SZ geology factors affecting transport

In addition to the infiltration rate there are a variety of components of the unsaturated
zone (UZ) and saturated zone (SZ) geology that affect both peak magnitudes and peak
arrival times. A few specific components of the UZ/SZ geology will be discussed in
subsequent sections.

Various UZ flow and transport properties, such as bulk hydraulic conductivity,
porosity, and the degree of fracture/matrix coupling act to delay the transport of
conservative tracers (such as Tc-99) through the UZ. The combination of these
properties delay the mean travel time of Tc-99 and I-129 in the UZ by more than 10,000
years after exiting the disposal drifts. This long travel time also means that it is not
necessary to consider a host of radionuclides whose half-lives are less than a few
thousand years so would be greatly reduced by decay during transit.

All of the geologic units below the repository sorb all of the actinides and many of the
important fission products. Sorption of Np-237 in both the UZ and SZ delay its arrival
at 5 km by several hundred thousand years. Even greater sorption of other species, such
as plutonium, act to effectively remove these radionuclides from contributing to dose.

Longitudinal dispersion in the UZ and both longitudinal and transverse dispersion in
the SZ act to dilute radionuclides exiting the drifts. What begins as a "point source" at
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the exit of the failed container is diluted significantly by these mechanisms before it
reaches the biosphere.

16.2.3 Far-field transport and dilution

Discussion in Section 8.2 concludes that at least an order of magnitude decrease in
radionuclide concentration is expected as the radionuclides travel in the SZ between 5
and 15 to 25 km downstream. This is purely due to dilution. Additional concentration
reductions due to the extra transit time between 5 km and 15 to 25 km were neglected.
This additional dilution is important when considering doses due to most of the
agricultural pathways described in the biosphere dose model in Chapter 9. Given the
topography of the Yucca Mountain vicinity it is likely that agriculture will not be
practiced any closer than approximately 15 to 25 km downstream from the candidate
repository. Thus, far-field dilution will act to significantly decrease concentrations
before they reach that portion of the Yucca Mountain biosphere where these
agricultural exposure pathways should be included.

The model used in this study (Section 8.2) to estimate dilution in the far field was fairly
conservative. This approach was taken because it was recognized that adequate
additional far-field data may be both difficult and costly to collect to support a more
realistic approach. It may be advisable to limit additional far-field SZ work to that
which is necessary to support the idea that the far-field dilution is at least an order of
magnitude; engaging in the characterization of the potentially large amount of
downstream hydrogeology that would be required to support an even larger dilution
factor may be prohibitive in both the time required and dollars expended.

16.2.4 "Fraction wet"

This is an important abstracted component in the IMARC Phase 3 model. It is actually
dependent on many other more fundamental geologic and engineered properties of the
system such as: infiltration rate, lateral diversion above the repository, hydrothermal
characteristics, drift properties, and the degree of knowledge about fast flow pathways.
Since knowledge of all these components is less than complete it was necessary to
abstract this important repository characteristic in the way we did.

For our base case we assumed that between 3% and 36% of the repository was "wet'
(depending on both the logic tree branch and time). "Wet" means that we assumed the
local percolation rate was high enough to cause groundwater to be able to drip into
open drifts, so could drip directly on an unprotected container. Sensitivity study
results assuming 50% or 100% of the repository was wet were shown in Figures 15-25
and 15-26, respectively. These results showed that increasing the fraction of the
repository that is wet actually delays the peak arrival time slightly for both Tc-99 and I-
129. This seemingly counterintuitive result is due to our conceptualization linking the
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amount of "flow focusing" with the fraction of the repository that is wet. If the wet
fraction is larger, then the distribution of the percolation rates is assumed to be more
uniform (refer to Section 3.2 for a more detailed discussion of this concept), so the
maximum percolation rate is reduced. A reduction of the maximum percolation rate
translates directly into a longer transit time for radionuclides in the UZ.

In addition, increasing the fraction of the repository assumed wet did not dramatically
increase the magnitude of any of the dose peaks. In this sense, the fraction of the
repository assumed wet would not be considered a key component of repository
performance. However, when we lowered the fraction of the repository assumed wet, as
assumed in the case of engineered dryout" (Figure 5-33) or where no advective flow is
allowed (assumption of Richards barrier in Figures 5-34 and 5-35) there was a bit more
peak height reduction.

The sensitivity study on the fraction wet did not consider how alternative assumptions
about the fraction wet are linked to either the hydrothermal behavior of the repository,
or to the container failure rate distribution. It is likely that a more proper treatment of
these coupled effects would lead to much more sensitivity to the fraction wet than is
shown in these figures.

16.2.5 Degree of fracture/matrix coupling

In IMARC Phase 3 we no longer consider the possibility that flow beneath Yucca
Mountain can be represented by an equivalent porous medium. Matrix flow only
would result in calculated UZ groundwater travel times of many hundreds of
thousands of years. Recent CI-36 data, among other evidence suggesting much faster
areas of groundwater travel, was referred to in Section 3.2 to rule this possibility out.

On the other hand, Section 3.2 also notes the presence of some groundwater as old as
100,000 years beneath Yucca Mountain. Preliminary studies of groundwater travel time
showed that if all groundwater flow were confined to fractures, the travel time would
be only a few thousand years at most. Thus, the presence of much older water implies
that there are at least some regions within Yucca Mountain where slower matrix-
dominated flow exists. Because of this, the possibility of fracture flow only was also not
considered possible.

In between the end points of matrix flow only and fracture flow only lies the realm of
partial fracture/matrix coupling. Depending on the degree of coupling and the
fracture and matrix properties, groundwater travel times of a few thousand (or less) to
a few hundred thousand years could be calculated. In IMARC Phase 3 we have
assumed what we think is a reasonable amount of fracture/matrix coupling that is
consistent with observations. Our calculations give UZ groundwater travel times on
the order of 10i years. Thus, the degree of fracture/matrix coupling can dramatically
affect the peak arrival times. Yet several figures presented in Chapter 15 show that
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components affecting peak arrival have much less effect on the magnitude of the dose
peaks. The degree to which fracture/matrix coupling will be important depends on if
just the peak magnitude is important, or if the time of peak arrival is important as well.

16.3 "Engineered" Key Components

16.3.1 Container material as it affects the failure distribution

Sensitivity studies involving the use of an alternative, more corrosion resistant
container material design (labeled "high performance container", HPC) suggested that
peak arrival times could be delayed an additional 100,000 years or more over the base
case container design (the "Multi-Purpose Container or MPC). In addition, the HPC
design resulted in the container failure distribution being spread over a much longer
period of time (-105 years) than the MPC (-104 years). This fact, coupled with matrix
alteration rates less than 40,000 years, and Tc-99 and 1-129 transit times of 10,000 to
20,000 years resulted in an order of magnitude reduction in the dose peaks due to Tc-99
and 1-129. Because the transit time of Np-237 and the other sorbing radionuclides was
of the same order of magnitude as the HPC failure distribution time, the Np-237 peak
magnitude was little changed by the use of the HPC.

Given these preliminary conclusions, it may appear appropriate to advocate the use of
the HPC in place of the base case MPC - were it not for the higher cost of the HPC. In
this TSPA, where only performance was analyzed, cost was not considered. Cost
should certainly play a role in design decisions, so advocating the abandonment of the
MPC-style design in favor of an HPC-style design at this point is premature. In
addition, the approach to modeling the failure distribution of the base case MPC was
conservative in some respects. For example, additional container protection due to
galvanic coupling was ignored, and short-term corrosion measurements were extended
to the very long-term (which may lead to a significant overprediction in the long-term
corrosion rate). Thus, it is advisable at this time to: 1) continue research on developing
a sufficient data base and corrosion models to support a less conservative approach to
modeling existing container designs; and 2) engage in preliminary design, performance,
constructability, and cost studies of an HPC-style container.

16.3.2 Container failure time

Much of this has been discussed in the previous section. A sensitivity study shown in
Figure 15-16 revealed the only case where a dose peak occurred within 10,000 years. It
was assumed all containers failed at 1,000 years. When combined with enhanced flux
in the UZ due to collapse of a condensation front above the repository during
repository cooldown, it resulted in a Tc-99 and I-129 peak at 10,000 years. Thus, under
a very limited set of circumstances it appears that general container failure as early as
1,000 years can make a difference to repository performance. Otherwise, reducing
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container lifetimes to 1,000 years was not found to have a significant negative impact
on repository performance (in terms of higher peak dose magnitudes).

This should not be construed to imply that containers do not lead to any significantly
improved repository performance. They probably have a tremendous contribution
during the first 1,000 years following repository closure. If we had assumed all
containers had failed immediately after repository closure then a host of shorter lived
fission products, that we did not consider in our performance analyses, could
contribute to total dose rate. A container lifetime of at least 1,000 years plays a major
role in supporting our confidence that these shorter lived fission products can be
neglected.

16.3.3 Flux through the failed container (solubility-limited species only)

For species with lower solubilities than technetium or iodine, such as neptunium,
altering the flux through the container from the base case was found to significantly
alter the magnitude of the dose peak. Lowering the flux through the container by an
order of magnitude lowered the Np-237 dose peak by almost an order of magnitude.
Raising the flux by an order of magnitude raised the Np-237 peak by a factor of three.
Thus, neptunium is on the border between being solubility-limited and waste
dissolution rate-limited for the base case flux through the container. Anything that
could be done to reduce the nepturium solubility, waste dissolution rate, or flux
through the container would significantly reduce the dose peak due to Np-237.
Similarly, reduction in the uncertainty of any of these three factors would reduce the
uncertainty in the peak Np-237 dose.

16.3.4 Use of a Richards barrier

The use of a Richards, or capillary, barrier was shown to dramatically reduce the dose
rate of sorbing species. Peak doses due to Np-237 were reduced by more than two
orders of magnitude. When used in conjunction with a concrete liner (which was
assumed to sorb iodine as well) even the Tc-99 and 1-129 dose peaks can be reduced by
more than one order of magnitude. Furthermore, a Richards barrier can dramatically
reduce the importance of uncertainty in percolation rates with regard to the regulatory
decision.

Additional work on the development of the Richards barrier concept can be found in
EPRI (1996b). It is recommended that the use of a Richards barrier at Yucca Mountain
be seriously considered.

16-7



Analysis of Key Components

16.3.5 Solubility/alteratlon time

In general, the combination of solubility and matrix alteration (or time to completely
dissolve the waste) was not found to have a major effect on either the arrival time of or
the magnitude of peak dose rates. However, for the lowest technetium solubility value
assumed (which was eight orders of magnitude lower than the highest value assumed),
the dose rate peak magnitude was reduced substantially. For the lowest neptunium
solubility considered (approximately three orders of magnitude lower than the highest
considered) peak dose rates due to Np-237 were lowered about a factor of ten.

It is recognized that it is often the combination of solubility and alteration time that are
important in controlling the release rate of the radionuclides from the failed container.
In this study it was assumed that many of the same factors that would cause the higher
solubilities to be valid would also cause the matrix dissolution rate to be high. We also
assumed the converse to be true. Therefore, we always varied the solubility and matrix
alteration rates together. Because of this approach, we found that all three of the
radionuclides contributing the most to total dose rate, Tc-99, I-129, and Np-237 were
usually controlled by the matrix dissolution rate. The only exception is for the lowest
technetium and neptunium solubility values considered. For these low solubility
values solubility-limited release occurred.

The slowest matrix dissolution rate we considered in our sensitivity study yielded a
dissolution time of 40,000 years. If dissolution rates much lower than this could be
achieved, then a more significant effect on both arrival times and magnitudes of peak
doses are possible. More importantly, if the lowest technetium and neptunium
solubility values could be demonstrated to be the most probable, then substantial
reductions in the estimated maximum dose rates would result.

16.4 "Blosphere" Key Components

16.4.1 Assumed exposure pathways

The biosphere model presented in Chapter 9 (developed in EPRI, 1996a) included many
different exposure pathways in addition to just the commonly-used drinking water
exposure pathway. These pathways were based on the assumption of a society
practicing self-sustaining agriculture in the Amargosa Valley area. It was assumed that
contaminated groundwater was used for growing a variety of crops as well as for
feeding and watering livestock. People living in this hypothetical community were
assumed to live exclusively on this locally-grown food supply.

As discussed in Section 16.1 above, these food consumption pathways yielded
individual doses well in excess of that provided by the drinking water pathway alone.
Yet assumptions about future human behavior involving the amounts and types of food
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they consume will always be speculative. Thus, it is imperative that if a compliance
assessment is required to include doses based on assumed human behavior, the nature
of the behavior must be well defined by the regulator.

16.4.2 Characteristics of the Individual and averaging

As shown in Chapter 10 and in Figure 5-37 the calculated dose to a hypothetical
"conservative" individual is likely to be orders of magnitude higher than that to an
"average individual in the local population". The difference between the two
approaches lies with a difference in the basic "assessment philosophy" discussed in
Chapter 10. The "conservative" individual is more in keeping with a "cautious"
assessment philosophy; the "average individual in the local population" approach is
consistent with an "equitable" assessment philosophy.

Society currently tolerates risks that have characteristics of the equitable philosophy, as
shown in Chapter 10. This would suggest that use of the average individual in the local
population in dose assessments would make a defensible basis for decisionmaking.
However, existing dose assessments rarely consider anything other than a
"conservative" individual. Thus, it is recommended that, at the least, assessments be
made of doses to an average individual for the purposes of regulatory insight. At best,
they should be an integral part of a compliance assessment process if dose or health
risk limitations are part of the regulations.

16.4.3 Blosphere modeling approach

It has long been recognized that alternate approaches to modeling the very same
geospheric processes can often lead to very different results - especially when the
models cannot be adequately tested. The same is true for alternate approaches to
modeling the same biospheric processes. A recently completed study by the
Complementary Studies Working Group within BIOMOVS 11 (BIOMOVS, 1996)
reported on efforts to understand such model differences. A version of the model used
in this report was part of an earlier comparison exercise within BIOMOVS. Based on
the results presented in BIOMOVS (1996), it is possible that an alternative biosphere
model may produce somewhat different results. It is recommended that efforts be
continued to provide a common basis for biosphere modeling - preferably at an
international level. The current BIOMASS "Theme 1" exercise, jointly sponsored by the
IAEA and an international consortium of radioactive waste disposal regulators and
implementors, is slated to continue work in this, and other areas relevant to improving

'BIOMOVS II was an international study to test models designed to predict the environmental transfer
and bioaccumulation of radionuclides and other trace substances.
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approaches to biosphere modeling applied to deep disposal of radioactive wastes
worldwide. It is recommended that both DOE and NRC participate in the BIOMASS
program.

16.5 "MargInally" Important components

The following components were generally found to have a secondary impact on total
system performance. Their effect usually caused less than an order of magnitude
change in the height of the dose peaks from the individual radionuclides contributing
the most to total individual dose rate. Given the large uncertainties in many of the
"key" components described in Sections 16.2 through 16.4, the relatively small impact
the following components provide might make them relatively unimportant.

16.5.1 ClImate duration for the standard container

Alternate climate assumptions were shown to affect the height of dose peaks
contributed by Tc-99 and Np-237. Peak arrivals for these two radionuclides were
shifted somewhat, but it was obvious that reasonable alternative climate assumptions
would not shift peak arrivals dramatically.

The important part of climate study is to be able to bound long-term climate extremes
that affect the upper limits of long-term net infiltration, as alluded to in Section 16.2.1.

16.5.2 Reflux

A "reflux" event was included in the assumed hydrothermal behavior of the repository
for the cases where heat pipe thermal transfer processes dominate. The reflux event is
described in Chapter 4. This event is assumed to occur when condensate accumulating
above the repository is finally able to enter the repository as repository temperatures
descend below boiling. Percolation fluxes through the repository are assumed to
increase dramatically during the reflux event (assumed to last for 2000 years). Because
the reflux event occurs fairly early in the life of the repository few containers were
assumed to have failed during this time. Thus, in the base case, the elevated, but
temporary, percolation passes through with little effect.

Only when all containers are assumed to have failed at 1,000 years (ahead of the reflux
event) did reflux cause dose rates to increase. Thus, it takes this rather severe reflux
event in combination with all containers failing to make reflux somewhat important.
As long as any potential collapse of a condensation front can be demonstrated to occur
before a significant fraction of the containers have failed, the details of the reflux event
(e.g., magnitude, extent of repository affected) are unimportant.
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16.5.3 Engineered dryout

A sensitivity study of an engineering design to keep rock immediately surrounding the
disposal drifts dry for a longer period of time was presented in Figure 15-33. Because
this design relies on heat derived from radioactive decay to drive water away, the
"dryout" effect was only assumed to last until the end of the thermal period (at 50,000
years). However, during the first 50,000 years only 1% of the containers were assumed
to be wet. This represented an order of magnitude reduction in the fraction of the
repository assumed wet in the base case. The sensitivity study showed that, although
the Tc-99 and I-129 peak arrivals were delayed an additional 20,000 years, their peak
heights were only slightly reduced. Np-237 peak arrival times were increased a similar
amount (only about a 10% increase in arrival time), but its peak height was essentially
unaffected.

An important simplification in our modeling study might be affecting dramatically our
conclusion here. That is, we assumed engineered dryout did not affect the container
failure distribution. In reality, engineered dryout would likely extend the time it takes
for container failure to occur. If we had included this effect we would have shown
additional beneficial effects at least on reducing and delaying the Tc-99 and I-129
peaks. It remains unclear whether removing this potentially significant conservatism
from our sensitivity study would greatly affect our conclusions regarding the lack of
effect of engineered dryout on the height of the Np-237 peak.

Thus, it appears that engineered dryout - as modeled in this study - will only have a
marginal impact on repository performance as measured by reductions in peak dose
rates. If engineered dryout could be demonstrated to continue well beyond 50,000
years it would be more important in reducing Tc-99 and I-129 doses. However, it
seems unlikely that even enhanced engineered dryout would have much effect on
reducing doses from Np-237. Given the possible beneficial effects of engineered
dryout, coupled with the fact that we underestimated these beneficial effects, it is
recommended that the including engineered dryout in the design of the repository be
explored seriously.

16.5.4 Flow focusing factor

Figures 15-3 and 15-8 showed a rather surprising lack of sensitivity to the degree of flow
focusing. Tc-99 peak heights and arrival times were slightly affected; Np-237 peak
heights were completely unaffected by the degree of flow focusing assumed. This lack
of significant sensitivity is especially surprising because of: the large sensitivity to net
infiltration; and the fact that we assumed the higher percolation rates due to focused
flow in the repository continued unabated all the way down through the UZ.

It is likely that the origin of this lack of sensitivity is our conceptualization of what
causes focused flow in the first place. If flow is highly focused it is assumed to be due
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to a greater proportion of the total repository percolation rate concentrated in a smaller
area. Thus, we reduced the fraction of the repository that was assumed wet as we
increased the degree of focusing. This was based on the need to maintain an
approximate flux balance through the repository. For example, during the post thermal
period (after 50,000 years) we assumed that 7%/o of the repository was "wet" (meaning
water dripping into open drifts) when the flow focusing factor was 3; we assumed only
3% of the repository was wet when we assigned a flow focusing factor of 15. It can be
argued that our choices of flow focusing factors and fractions wet are largely arbitrary.
However, the linkage between the degree of flow focusing and the fraction of the
repository assumed wet seems reasonable.

Given these linkages, it seems reasonable that only small portions of the repository
might experience significant ("strong") flow focusing - focusing that could cause
significantly earlier peak arrival times. If only a small source term contributes to these
early peaks, this fact will reduce the importance of this set of circumstances on total
system performance. Conversely, a larger portion of the repository may experience
"weak" focusing. Even though there is a potentially larger source term for weak
focusing the peak arrival will not be as early as for strong focusing. This sort of
behavior was demonstrated in Figure 5-3 for Tc-99 dose rates. For Np-237 dose rates,
shown in Figure 15-8, the effect of varying the amount of flow focusing is further
reduced. This is because a larger proportion of the total travel time for a sorbing
species like Np-237 is spent in the saturated zone where the degree of flow focusing (in
the unsaturated zone) is assumed to have no effect.

16.5.5 Water table change

Our model of water table change allowed for rises in the water table as high as 87 m
above current levels - depending on the climate cycle. The shortening of the UZ
pathway was shown to have some effect on Tc-99 and 1-129 peak arrival time and a
limited effect on the height of these peaks. The fact that we chose to model water table
change as a series of step changes (rather than smoother changes that would be more
realistic) was shown to have some effect on the shape of the Tc-99 and 1-129 dose rate
versus time curves. However, these step changes did not mask important components
of repository performance significantly affecting peak arrival time or peak height.

It appears that there is much literature now that limits historical water table rises to no
more than 90 meters. As long as future water table rises are similarly limited,
including them in TSPA models provides limited additional insight. Thus, additional
work on characterizing historical changes in water table or on modeling future water
table change is unnecessary.
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16.5.6 Container failure distribution

It appears that, for many cases, altering the container failure distribution from that used
in the base case has a limited effect on Tc-99 and 1-129 peak heights and even less effect
on radionuclides with a long travel time due to retardation effects, such as Np-237.
Sensitivity studies where all containers were assumed to fail simultaneously at 1,000
years advanced the arrival of the Tc-99 and 1-129 peaks, but had no effect on their
heights; a similar effect was found for Np-237. Thus, "tightening" the container failure
distribution and causing them to fail as early has only limited effect on peak heights. If
delaying the onset of dose peaks is important, then it becomes more important to have
containers that last longer.

There are a few cases where failure distributions significantly different from the base
case have a greater effect on repository performance. Section 16.3.1 discusses the
impact of a more robust container design having a much longer average time to failure
and a much wider failure distribution. Refer to Section 16.3.2 for a single case where
containers failing at 1,000 years makes a significant difference.

16.6 Components that are of little Importance to total system performance

There are many minor components too numerous to mention that do not significantly
affect overall performance. A few of these components are listed here.

16.6.1 Thermal process and mass loading

Our studies suggest that differences between dominant heat transfer processes and
mass loading (83 vs. 25 MTU/acre) are not significant enough to have much of an effect
on overall repository performance. This is because, in our judgment, there are not
significant enough differences between the processes or mass loadings regarding the
fractions of the repository that will get wet. Furthermore, because differences in
transfer processes occur only during the first 50,000 years, there is almost no lasting
effect on those radionuclides that take longer than approximately 50,000 years to travel
5 km.

There were two cases identified above that showed more of an effect. Section 16.3.2
discusses the impact of assuming a reflux event coupled with early container failure.
Section 16.5.3 suggests that engineered dryout helps to delay and may help to reduce
some of the dose peaks due to Tc-99 and 1-129.

Our conclusions are dependent on our expert judgment, which, in turn, was based on a
rather limited available literature on modeling of hydrothermal processes assumed
important at Yucca Mountain. Data based on actual drift-scale, let alone repository- or
mountain-scale measurements of hydrothermal processes was entirely lacking at the
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time of our assessment. Until enough data is collected to shed additional light on the
hydrothermal processes that lead to important performance impacts, our assessment
that thermal loading has little effect on performance must be considered preliminary.

Therefore, we advocate the initiation of experimental work that will shed light on the
hydrothermal processes active at a scale that affects general repository performance.
Based on our current TSPA model the important aspects of repository performance
affected by hydrothermal processes are likely to be the fraction of the repository that is
wet, the thermal/humidity history in those wet zones that could lead to container
failure earlier than approximately 1,000 years, the amount of reflux through the
repository due to condensation above the repository, and major effects on flow
focusing. In addition, if drift-scale hydrothermal processes can be understood
adequately, further exploration of the engineered dry-out concept should occur as a
way to dramatically lower the fraction of the containers that are wet during the thermal
period.

It is understood that meaningful repository-scale or even drift-scale experiments will
require several years to complete. Based on the current DOE schedule, there are
approximately 15 years available until the first waste containers arrive at the site
(assuming Yucca Mountain is licensed for waste loading). This seems like an adequate
amount of time to collect data to shed light on many of the important processes.
Furthermore, additional hydrothermal data on relevant large-scale processes can be
collected during the 50 to 100 years the repository remains open.

It does not seem necessary to delay site suitability assessments or licensing activities
related to the construction of the repository (if appropriate) until these larger scale
hydrothermal experiments are complete. This is partially based on the lack of extreme
sensitivity to waste loading, flow focusing, or even the fraction of the repository that is
wet in these preliminary TSPA calculations. In addition, it appears possible to integrate
additional information on hydrothermal processes into the repository design to make
good use of the thermal period. In this sense, the existence of hydrothermal processes
may be considered an advantage.

16.6.2 Volcanism and tectonics

The probability of a volcanic event affecting repository performance is very low. Refer
to Chapter 13 for additional discussion. Thus, its impact was ignored in this study.
The conclusion of the Probabilistic Volcanic Hazard Analysis study, referred to in
Chapter 10, supports this approach. We do not feel any additional characterization
work regarding volcanism is required.

The direct impact of tectonism on repository performance was also considered to be
minimal. See Chapter 12 for a discussion. However, the location and extent of both
active faults as well as all faults affecting groundwater flow must be known well
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enough so that these fault zones can be avoided. In addition, some aspects of
repository design may depend on bounding the amount of integrated seismic energy
imparted at the repository depth. The Richards barrier concept (see Section 16.3.4 and
EPRI, 1996b) depends on the stability of a sand/gravel interface to remain effective.
Since seismic shaking may disrupt this interface, additional work is required to
characterize the amount of seismic shaking that may occur (EPRI, 1996b).

16.6.3 Thermo mechanical properties

The probability of rockfall, as well as its potential impact on container integrity, were
assessed in Chapter 12. Although some rockfall is likely to occur, particularly during
initial heatup of the repository, the locations in the repository where rocks of sufficient
diameter to potentially damage containers will be minimal.

Thus, confirmation of the processes, assumptions and data used in the model presented
in Chapter 12 are required. It appears that the current DOE program in this area has
made significant progress in this regard. Little additional work beyond this effort may
be required.

16.6.4 Concrete Invert for base case

Although concrete may sorb many of the radionuclides important to total dose, as
reported in Chapter 6, the assumed percolation fluxes used in the base case were too
high for the concrete to significantly retard these radionuclides. Only when percolation
rates through the concrete invert are very low, as in the Richards barrier case, can
concrete sorption contribute significantly to system performance. Further work on the
sorption characteristics of aged concrete is in order.

16.6.5 Corrosion product sorption

Similarly, sorption on corrosion products assumed to exist in place of the corroded
container wall was insufficient to affect total system performance. Additional work on
characterizing the sorption properties of corrosion products appears unnecessary.

16.7 "Conservatisms"

Although we have usually tried to use "best estimate" models and parameter values,
we have employed many "conservatisms" in our model assumptions. The term
"conservatism" is used here to mean that it has lead to an overestimate of the dose
peaks and/or caused the estimate of peak arrival time to be shifted earlier when
compared to a purely "best estimate" approach. Some of the more general
conservatisms in assumptions or modeling approaches are listed below. This is not an
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exhaustive list, but it does capture most of the more significant conservative
assumptions that have probably affected the results presented in Chapter 15. These
conservatisms may have affected the key components, too.

Container corrosion model conservatisms

* Galvanic protection ignored. Including it may significantly extend the estimated
container lifetime. Further work to eliminate this conservatism is strongly
recommended.

* Includes early container failures. If, for example, the container manufacturing
and final welding processes can be demonstrated to be highly reliable, or
appropriate engineering measures can be taken to nearly eliminate the
possibility of significant rock fall during the first 1,000 years, then this model
feature could be removed.

* General and pitting corrosion rates assumed additive. This assumption reduces
the estimated time to container failure.

* Short-term corrosion rate data extrapolated to the long term. This is generally
believed to lead to an overestimation in long-term corrosion rate. Because the
error here could be significant, it is recommended that additional work to
improve confidence in long-term corrosion rates be performed.

* Threshold failure time set at the time of 50% penetration of the barrier (due to
uncertainties about the true penetration rate). Reducing these uncertainties
would more likely lead to and extension of the threshold failure time than a
reduction.

* No cladding credit for extending the time to exposure of the fuel containing the
significant radionuclides. Some additional work to characterize the long-term
performance of cladding is necessary to understand if this is a significant
conservatism or not.

Source term model conservatisms

* The average percolation rate entering the drift is equal to the average percolation
rate in the surrounding rock. There are several modeling studies (e.g., EPRI,
1996b) that suggest the flow entering the drift will be lower than that in the
surrounding rock due to capillary effects. This conservatism may be quite
significant given the significant sensitivity to infiltration rate.

* 5% of the surface area of the container is assumed gone the instant the container
fails. In reality, the amount of surface area available for advective or diffusive
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transport immediately after initial container "failure" is likely to be much
smaller. Sensitivity studies of surface areas smaller than 5% suggest we have
overestimated radionuclide fluxes exiting the EBS during this period. A
modeling approach that directly couples the evolution of corroded container
area into the TSPA model would avoid this conservatism. However, the
additional detail (and the corresponding computer run time) in the TSPA model
may not be warranted given the more significant, related assumption regarding
flux onto the container due to water dripping into the drift.

* Presence of cladding neglected. Cladding may act as an additional container
barrier, further delaying container failure. It may also act to protect the majority
of the fuel pellets from advective flow, so that only a diffusive pathway for
release is possible.

* All waste surfaces are assumed wetted at all times after container failure. This
may be a very significant conservatism since flow through the container is likely
to encompass only a small fraction of the total container volume. In this case, the
"effective" waste inventory (that portion available for transport) would be
reduced. Furthermore, during the thermal period, it is likely that, for lower
fluxes into the container, the heat generated by the waste may be large enough to
evaporate ingressing water so liquid water contact with the waste is further
reduced.

UZ flow and transport model conservatisms

* Regions of "focused" flow continue from the repository all the way down (and
straight down) to the SZ. This neglects lateral transfer of a portion of the flow
into zones of lower percolation rates (leading to longer travel times). We have
also neglected potential flow into perched zones which may act to further retard
transport in the -UZ".

* Step changes in the elevation of the water table rather than more gradual
changes between assumed climate states. This could lead to exaggeration of a
few of the peak heights if the timing of a water table rise is right.

Far-field transport model conservatism

* No delay in transport time between 5 km and 15 to 25 km is assumed. If delay
due to sorption in the far-field alluvium was incorporated into the IMARC
model, it could result in substantially delayed dose peak arrivals at 15 and 25
km for those radionuclides that sorb (e.g., Np-237 and daughters; U-235 and
daughters).
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Biosphere model conservatisms

* Use of a "conservative" individual. The potential for several orders of
magnitude of conservatism, compared to the dose to an average individual in
the local population, was discussed in detail in Chapter 10.

* Additional conservatisms in the details of the various transfer processes
considered in the biosphere model. These are more fully described in EPRI
(1996a).

In general, the conservative approach taken and the reasons why we have employed
that approach were as follows:

We neglected a process leading to improved repository performance when
appropriate model(s) for the process are not available or are too difficult to
incorporate into IMARC;

• We substituted a simplified version of a more complicated or poorly understood
process such that the simplified version led to an overestimation of the negative
impact on performance;

* We occasionally used conservative parameter values (not treated as uncertain in this
model) where no "best estimate" parameter value is available.

The overall effect of these conservatisms is unknown, but would, if eliminated, result in
significant reductions in the estimate of peak doses, as well as significant extensions in
estimates of the peak arrival times.

16.8 Comparison of key components

Table 16-1 compares the key technical components identified by DOE in their initial
Waste Containment and Isolation Strategy (WCIS) draft document with those found in
this study. The WCIS divides the evolution of a generic dose rate versus time curve
into three time periods. The first period, labeled the "containment" period, is where
dose rates remain at or near zero. Conceptually, components that act to prevent
radionuclides from reaching humans contribute to "containment". The second period,
labeled the "transition" period, is characterized by the initial arrival of radionuclides.
Conceptually, components that contribute to the "shape" of the arrival front (i.e.,
whether the radionuclides arrive quickly or more slowly increase) will contribute to the
"transition". The third period, "peak dose" is characterized by the time period when
the peak dose rates due to maximum radionuclide concentrations are occurring.

In general, the EPRI study reported in this document finds that more technical
components contribute to the three periods than described in the WCIS. We find that
radionuclide travel times in the UZ and SZ also contribute to the "containment" time
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(in addition to factors that control container failure time). It is important to recognize
that we have included this component because we have defined containment as no
radionuclides in contact with humans. Thus, if humans cannot contact the
radionuclides until after the radionuclides have traveled some distance into the
ground, then it seems reasonable to include the components of the UZ and SZ geology
contributing to the delay in radionuclide arrival as part of the "containment".

The EPRI study we report here is most different from the WCIS during the "transition"
period. We identify many other components rather than the dissolution rate of the
waste matrix that controls the "transition". Although dissolution rate was found to
have some effect on the transition, the other factors listed were considered -more
important in this study.

However, many of the technical components that define the shape of the breakthrough
curve are not considered "key" components by EPRI (they have less effect on the
magnitude of peak dose rates). Thus we feel that little attention should be paid to
characterizing the factors controlling the "transition" period. Factors controlling peak
dose are important in controlling health effects. In addition, factors affecting the
duration of the "containment" period help delay the onset of the peak dose period, so
may reduce health effects integrated over time. Thus, both the "containment" and
"peak dose" periods are likely to be important to licensing.

Although we call them by slightly different names, the EPRI study reported here and
the WCIS identify the same components important to controlling peak dose rates. In
addition, EPRI has noted that the biosphere exposure scenarios considered when
calculating dose rates, along with the characteristics of the individual have a significant
impact on calculated dose rates.
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Table 16-1.
Comparison of the key components as identified in the M&O Waste Containment
and Isolation Strategy (TRW, 1995b), and this study.

Waste Containment and Isolation
Strategy (TRW, 1995b):

Corresponding IMARC Phase 3
Components

Containment period:
Corrosion rate;
Humidity

Containment period:
Early container failure times (affected by
container type, temperature, MIC, and
humidity);
Richards barrier option;
UZ and SZ radionuclide travel time
(includes retardation)

Transition period:
Mobilization (matrix dissolution rate)

Transition period:
Container failure distribution (affected by
container type, temperature, MIC, and
humidity)(non-key);
Infiltration/percolation rate
Engineered dry-out option (non-key);
Solubility/alteration time;
Richards barrier option;
Degree of fracture/matrix coupling;
Flow focusing factor (non-key);
Longitudinal dispersion (non-key);
Water table change (non-key)

Peak dose period:
Seepage rate;
Mobilization rate;
EBS transport rate;
Dilution

Peak dose period:
Infiltration/percolation rate and flux
through the container (equivalent to
seepage rate concept);
Fraction of the repository assumed wet;
Container failure distribution (affects peak
Tc-99/I-129 doses only);
Richards barrier option;
Solubility/alteration time;
Dilution in the near- and far-field;
Biosphere exposure scenarios;
Characteristics of the individual and
averaging
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Table 16-2 compares NRC's Key Technical Issues to those identified in this study. In
general, there is fairly good agreement among the three organizations. However,
neither EPRI nor DOE find volcanism or seismicity significant issues, as does NRC.
EPRI also finds that thermal effects on flow have some effect on Tc-99 and I-129 dose
peaks (with very little effect on Np-237 dose peaks), but are not as significant as NRC
finds them.

Table 16-2.
Comparison to NRC's Key Technical Issues:

NRC Key Technical Issue

Igneous Activity

Flow under isothermal conditions

Thermal effects on flow

Identified as a Key Component in
IMARC Phase 3?

no

yes

no (i.e., not as much as other components.
However, thermal effects on container
corrosion are somewhat more significant)

Structural deformation and seismicity

Evolution of the near field environment

Container life and source term

Radionuclide transport

no

yes

yes

yes

Repository design and thermomechanical
effects

Other issues related to TSPA:
TSPA and integration
Revision of EPA standard and NRC rule

Design: yes
Thermomechanical effects: no

yes
yes
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17
CONCLUSIONS AND RECOMMENDATIONS (JOHN

KESSLER)

Throughout the presentation of the IMARC Phase 3 results in Chapter 15 and the
analysis of key components contributing to overall performance in Chapter 16 we
meticulously avoided any discussion of the absolute values of the dose rates. We
recognize that this Total System Performance Assessment (TSPA), like all TSPAs, are
largely based on stylized representations of a multitude of processes, assumptions
about very long-term processes that are often difficult to quantify, and assumptions
about future human behavior that are purely speculative. Although we attempt to
model the important processes and use parameter values that are as close to "realistic"
as possible, we must recognize these limitations, and not fool ourselves that we are able
to "predict" the future.

Yet regulations limiting the negative impacts of the potential HLW repository require a
quantitative assessment of total performance. Regulations limiting individual dose or
health risk require additional assumptions about the nature of the future biosphere and
the behavior of the hypothetical individuals living in it. Thus, the TSPA is likely to
remain a very necessary and central component of compliance demonstration.

Where a clear understanding of the relevant process or an abundance of data is lacking,
it is common practice to substitute "conservative" approaches. The TSPA presented in
this report certainly has its share of conservatisms. Some of the more notable
conservatisms were listed in Chapter 16. It is obviously easiest to employ a
conservative approach if it makes modeling and/or data collection less burdensome.
Initial TSPA attempts using a largely conservative approach almost always end in non
compliance, however. Thus it is necessary to further refine models and improve data
bases to reduce some of the conservatisms and/or uncertainties. This is why the TSPA
process is fundamentally iterative.

The iterative TSPA process, if used wisely, can become an important management tool,
guiding the allocation of future resources toward those components of the repository
system with the greatest impact on overall performance, and away from those
components that do not affect performance. This is a central role for TSPA. As a
management tool a TSPA is less dependent on the ability to correctly "predict" future
doses. Rather, it is only important to assess the relative effect of various management
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decisions regarding what additional site information needs to be collected or what
process models need to be developed.

17.1 Suitability of Yucca Mountain as a permanent repository

In the end, the problem of providing a permanent solution to the disposal of HLW and
spent fuel remains. The current preferred approach is for deep geologic disposal.
Yucca Mountain is being developed as a candidate site. The adequacy of Yucca
Mountain as a host site must be assessed in the face of uncertainty. It is a decision
involving risk, just as countless other aspects of living in society. As discussed above,
quantitative compliance assessments will most likely require an examination of the
absolute values of the dose rates (or health risks). It will be necessary for the regulatory
to provide detailed guidance to the performance assessor on the acceptable approaches
to issues containing a large degree of uncertainty. This is especially true for issues
regarding future human behavior which are completely unknown, yet can have a huge
impact on calculated doses.

If the candidate repository at Yucca Mountain is built, and filled with spent fuel and
HLW according to the repository design our TSPA model was based on we are
confident that very low doses to hypothetical individuals living in the vicinity of Yucca
Mountain due to the presence of the repository can be reasonably assured for many
thousands of years into the future. The time period of low doses is likely to exceed
10,000 years - longer than the recorded history of human civilization. If this is
considered an appropriate measure of performance then Yucca Mountain is suitable as
a permanent HLW repository.

Beyond 104 years, our TSPA model suggests the dose rate to a "conservative"
individual will approach levels on par with natural background levels. Dose rates to
an average individual living in the vicinity of Yucca Mountain will remain much lower.
If the regulatory limit is a dose rate on the order of natural background levels then the
existing model almost shows compliance for even the conservative individual for time
periods beyond 104 years, as well. It is likely that further site development work and
TSPA model refinements to eliminate some large conservatisms can be made that
would further reduce projected dose rates. A wide uncertainty band will be associated
with any dose projection that far into the future, however. The NRC will have to
understand that a large portion of that uncertainty band in the TSPA will be irreducible
so will have to integrate that uncertainty into their own thoughts about reasonable
assurance.

The Yucca Mountain site has several beneficial features that act to limit the potential
health consequences of waste disposal.

It is in an enclosed basin, so groundwater flow is limited.
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* The fact that the region is (and will likely remain) fairly arid means the population
that can be supported by exclusive use of potentially contaminated groundwater is
limited;

* The fact that the repository is located in the unsaturated zone means that the
majority of the waste containers are likely to remain dry. No other candidate HLW
disposal site has this very beneficial feature.

Thus, there is reason to believe that Yucca Mountain will be suitable as measured
against a variety of (currently unknown) potential performance criteria. Yucca
Mountain should continue to be developed and a License Application should be
prepared.

17.2 Recommendations for future work

17.2.1 General comments

There are many key components with considerable uncertainty - any of which can
affect the calculated individual dose rates. TSPA can and should be used as one tool to
guide which of the many key components should be further explored. Given scarce
resources, it is necessary to make both time- and cost-effective choices regarding future
work to reduce the key uncertainties.

We have assumed the ultimate goal of activities at Yucca Mountain is to make the site a
suitable - and licensable - site to safely and permanently dispose of spent fuel and
HLW. Thus, additional site development work must be geared to provide sufficient
confidence that this can be done. Supporting confidence in the regulatory decision will
be critical to the successful licensing of any HLW disposal facility. Part of this
confidence will be the demonstration of redundant barriers. Thus, future work should
be geared toward: 1) the demonstration that existing barriers function as expected; 2)
taking credit for additional existing barriers that are currently neglected; and, 3) where
necessary, the use of additional engineered barriers that can significantly improve total
system performance. It may not be possible to pursue all three options since doing so is
likely to be quite expensive and time consuming. It must be recognized that it will be
impossible to eliminate all uncertainty and guarantee absolute safety. Any regulatory
decision involves an element of risk. It is the purpose of prudent site development and
engineering design to reduce the amount of risk to acceptable levels.

After years of development work there are much new data to be considered. These
new data should be thoroughly analyzed as an immediate task so that future
development activities do not duplicate existing data.
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7.2.2 Specific recommendations regarding key components

Key radionuclides

The key radionuclides that contribute the largest proportion of the total individual dose
rate are Tc-99, I-129, Np-237 and daughters (U-233 and Th-229), and the daughters of
U-235 (Pa-231 and Ac-227). Thus, factors that have a significant effect on the
mobilization or transport of these species need to be understood adequately. In
general, these include solubility limits - especially for Tc-99, Np-237 and U-235,
sorption on near- and far-field materials that may slow transport, and accumulation in
the biosphere.

Sensitivity studies reported in Chapter 15 suggested that if technetium and neptunium
solubilities were at the low end of the range of solubilities considered, it would lead to
significantly reduced dose rate estimates. Thus, factors controlling in situ solubility
need to be understood. For example, technetium has much lower solubility limits
under anoxic conditions than under oxic conditions. If the geochemical conditions
inside a failed container can be demonstrated to be anoxic, then technetium
concentrations assumed to exit the container can be lowered. Anoxic conditions are
more likely shortly after failure (when the penetrations through the container are small
so the introduction of oxygen may be limited). Because of the relative importance of
the EBS in delaying technetium (compared to the UZ/SZ) and delay in release will
have a significant impact on delaying the arrival of technetium in the biosphere.

It may be that current solubility estimates for neptunium are based on metastable
species which may be more soluble than the more stable species expected under actual
conditions. Any additional work that could lower the neptunium solubility estimate
would also have significant beneficial effect.

The IMARC Phase 3 model also showed the importance of neptunium and uranium
sorption in delaying the arrival of the key actinides. Sorption data collected to date
seem adequate. However, the UZ/SZ transport models that employ the sorption data
are equally important, and require further development.

Finally, the accumulation of these key radionuclides in the biosphere is another key
part of the total system that is often neglected. Yet uncertainties in the biosphere
transfer and accumulation processes, as well as more basic health physics data for these
radionuclides, remain that have just as important effect on dose estimates as
uncertainties in the geosphere processes and parameters. A review of the biosphere
data available for Tc-99, I-129 and Np-237 relevant to Yucca Mountain is found in
Chapter 4 of EPRI (1996a). This review identifies specific biosphere processes and
uncertainty ranges.
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Infiltration/Percolation Rates

Because of the great sensitivity of both the peak magnitudes and arrival times for the
key radionuclides to infiltration and percolation rates, reduction of the uncertainty of
these parameters is of great importance. First, the infiltration rate estimates that are
made in this report need to be confirmed. The current USGS program appears to be
collecting adequate data in this regard. Second, since we claimed credit for lateral
diversion, work to confirm that lateral diversion occurs is necessary. The current DOE
program seems adequate to address this, as well. Finally, we assumed that the majority
of the flow due to lateral diversion is adequately known so that containers are not
placed in these areas. Characterization of flow-controlling features is required.

Unsaturated Zone (UZ) and Saturated Zone (SZ) geology factors affecting transport

Characterization work to confirm the predominance of groundwater flow times
exceeding -10 years is required. Work to establish even longer travel times is not
warranted due to the relative insensitivity of peak dose rate magnitudes to longer
travel times. The presence of a few faster flow paths can be tolerated, however.
Sensitivity studies presented in Chapter 15 of this report suggest they can be tolerated
without a major negative impact on total system performance (as measured by the
magnitude of the dose rate peaks).

Long UZ/SZ travel times requires confirmation that there is at least partial coupling
between the fractures and matrix. Much experimental evidence has already been
collected to suggest this is the case. In those places where fairly short travel times
between the ground surface and the repository horizon have been estimated
(suggesting localized areas of less coupling), it is important to be able to understand the
hydrologic characteristics of the rock well enough to be able to avoid most of these
zones when designing the repository layout. If the locations of these fast fracture
pathways cannot be established with confidence, it is important to be able to confirm
that these fast fracture pathways do not carry a majority of the flow.

The DMARC Phase 3 results also found dispersion and actinide retardation in the SZ as
key components. The SZ flow and transport model, which assumed significant
interaction of the fractures and matrix in the SZ, also played a role in our assessment of
the benefit of the SZ components on overall performance. Thus, dispersion, retardation
and fracture/matrix coupling all need to be confirmed in the SZ. At present, it is
difficult to assess whether the current DOE program to characterize the SZ is adequate
in this regard.

Far-field dilution, as radionuclides travel between 5 km and 15 to 25 km downstream
in the SZ, was credited with an order of magnitude reduction in peak concentrations in
our model. The assumptions for this model were fairly conservative. Given the
potentially prohibitive cost of improving on this approach it may not be prudent to
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engage in the level of activity required to take credit for any additional dilution.
Similarly, the ability to take credit for significant additional delay in radionuclide
arrival at 15 to 25 km due to retardation may also be difficult. Significant delay would
be defined as at least one or two half-lives of the key radionuclides. Since they all have
half-lives on the order of one million years or more, demonstrating this sort of delay is
probably not possible.

Container Performance

Enhanced container performance will provide some additional performance benefit.
Certainly it is necessary to demonstrate that containers will last at least 1,000 years.
Beyond that time frame, the impact on performance (measured by the ability to
significantly reduce peak dose rate magnitudes) is diminished. However, if
improvements in our understanding of long-term corrosion processes (including such
features as microbially influenced corrosion and galvanic protection) allow confidence
in greatly increased container performance, then the positive impact on total system
performance may be more significant. Alternatively, it may be prudent to initially
explore the possibility of using more corrosion resistant container material. However,
cost should be a consideration in this case.

Source Term

The solubility limits for the key radionuclides was discussed earlier. The dissolution
rate of the waste itself has some effect on the overall performance, although the effect
was not found to be large. Additional work on waste dissolution time - unless the
dissolution time can be demonstrated to be well in excess of 40,000 years - is probably
not warranted.

The flux of water entering the container was found to be a key component. This flux is
dependent on our understanding of the infiltration rate, the repository percolation rate,
the likelihood of dripping into an open drift, and the character of water flow into a
corroded container. Each of these has significant uncertainty attached to them. The
amount that the aggregate uncertainty can be reduced is unknown, but the residual
uncertainty - even with significant additional work to reduce it - is likely to be large.
Work to reduce this aggregate uncertainty is still quite worthwhile, however.

The large residual uncertainty in water flux into the containers, coupled with the great
benefit to overall performance if this flux is reduced, suggests that engineering
approaches to reducing this flux be considered. The Richards barrier approach
assessed here and in EPRI (1996b) is one such possibility. A Richards barrier would
effectively eliminate liquid advection through the container. Because it is robust
against a large range of potential fluxes it has the equally great advantage of reducing
the need to characterize the variability in percolation rates due to, for example, flow
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focusing or hydrothermal effects. We strongly suggest that DOE investigate the
Richards barrier and other reliable approaches to divert water away from containers.

Thermal Effects

We advocate the initiation of experimental work that will shed light on the
hydrothermal processes active at a scale that affects general repository performance. It
is understood that meaningful repository-scale or even drift-scale experiments will
require several years to complete. Based on the current DOE schedule, there are
approximately 15 years available until the first waste containers arrive at the site
(assuming Yucca Mountain is licensed for waste loading). This seems like an adequate
amount of time to collect data to shed light on many of the important processes.
Furthermore, additional hydrothermal data on relevant large-scale processes can be
collected during the 50 to 100 years the repository remains open.

It does not seem necessary to delay site suitability assessments or licensing activities
related to the construction of the repository (if appropriate) until these larger scale
hydrothermal experiments are complete. This is partially based on the lack of extreme
sensitivity to waste loading, flow focusing, or even the fraction of the repository that is
wet in these preliminary TSPA calculations. In addition, it appears possible to integrate
additional information on hydrothermal processes into the repository design to make
good use of the thermal period. In this sense, the existence of hydrothermal processes
may be considered an advantage.

Biosphere

The importance of the biosphere model parameters and general processes was
discussed earlier. However, the assumptions made about what biosphere exposure
scenarios to include in the dose rate analyses have an even larger impact. For example,
the decision to include or exclude certain food consumption (such as fruit, root
vegetables, and cow's milk that are assumed produced using contaminated
groundwater) can dramatically affect the calculated dose rates. Because it is entirely
unknown what future hypothetical individuals will be consuming, it is necessary to
specify the human behavior in advance of the assessment. Finally, decisions about
degree of conservatism in the assumed individual characteristics can impact the
calculated doses by orders of magnitude. This, too, must be decided by the regulator in
advance of any compliance assessment involving the calculation of dose rates to
hypothetical individuals.
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