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REPORT SUMMARY

EPRI's Total System Performance Assessment (TSPA) model has been applied to the
candidate spent fuel and high level radioactive waste (HLW) disposal site at Yucca
Mountain, Nevada. Building on earlier work, this report details recent modifications to
EPRlfs TSPA Integrated Multiple Assumptions and Release Code (IMARC), as applied
to Yucca Mountain. The report includes performance analyses using IMARC as well as
additional analyses and input to provide greater insight. The report also 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 facility demonstrate adequate
protection of human health and the environment. Such demonstration 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 DOEis technical program will adequately demonstrate compliance with
potential performance regulations issued by the 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 information and recent regulatory

developments.

* To identify the key technical issues important to total system performance.

* To provide an assessment of whether protection of human health and the
environment as a result of HLW disposal at the candidate Yucca Mountain facility
can be adequately demonstrated.

Approach
The project team was comprised of experts in climatology, surface water and
groundwater hydrology, geochemistry, materials science and engineering, rock
mechanics, and health physics. They revised and implemented a probability-based
logic tree framework for performance assessment based on Yucca Mountain-specific
models and data. Additional analyses and methods augmented their performance
assessment effort.
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Results
IMARC sensitivity studies indicate that the key technical components affecting total
system performance include the following: the amount and distribution of water
flowing through the repository; the assumed biosphere exposure pathways and human
habits; flow and transport properties in both the unsaturated and saturated zones of the
Yucca Mountain geology; container material; and waste dissolution rate and elemental
solubilities.

A series of additional analyses to augment the IMARC work provided support to the
concept of "defense-in-depth" by demonstrating that multiple features of the Yucca
Mountain site contribute to performance. It is likely that reasonable assurance of very
low doses to hypothetical individuals living in the Yucca Mountain vicinity can be
provided for several thousand years into the future. Providing sufficient demonstration
of this to regulators will require not only quality performance assessments but also
significant additional analysis.

EPRI Perspective
Development work at the candidate commercial HLW repository at Yucca Mountain
has continued for more than a decade at funding levels exceeding several hundred
million dollars per year. Current plans require four more years and another $2 billion
of funding before the DOE will be ready to submit a license application. Moreover,
utilities require assurance that there are no technical issues that would make the Yucca
Mountain site unsuitable. EPRI maintains that the best way to identify such issues is
through assessments of total system performance augmented with additional analyses
for regulatory insight. 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. In this
fourth phase of the IMARC model development effort, EPRI continues to provide
technical insight to utilities and others on factors significantly contributing to
performance of the candidate HLW disposal facility at Yucca Mountain.

TR-1 08732

Interest Categories
Environmental compliance planning
Land and water quality
Environmental economics and risk management
High level waste

. Keywords
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High-level radioactive wastes
Radioactive waste disposal
Radioactive waste management
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PART I:

PERFORMANCE ASSESSMENT OF
YUCCA MOUNTAIN USING IMARC



I

INTRODUCTION (R. MCGUIRE AND J. KESSLER)

Significant resources and effort have been expended by EPRI over the past few years in
modeling and understanding issues related to high-level radioactive waste disposal.
Previous reports (EPRI, 1990; 1992; 1996) 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 new data are being collected with which to evaluate and
modify models of physical processes.

This report is divided into two parts. The first part presents results from specific
calculational cases of repository performance, updated for the most recent data and
conceptual models. The second part discusses possible alternatives for the components
of the assessment context for a repository at Yucca Mountain. Part II also presents
additional information on time frames and a "interaction matrix" method of
documenting TSPA model interactions.

There are several purposes of the current report. The assessment purposes are
described in detail in Section 13.4. The main purposes of Part I of this report is to
describe the subsystem and total system performance models and present results and
analysis of the results. Part I indudes presentation of new models of waste container
failure that accounts for new container material, a new model of the effect of
hydrothermal activity and heterogeneous groundwater flow in the unsaturated zone on
temperatures and the distribution of groundwater capable of dripping into the
repository drifts. These changes affect the basic way in which performance calculations
are made. Thus, Part I of this report describes the new EPRI model, labeled 'LMARC
(Integrated Multiple Assumptions And Release Code) Phase 4'. Part I also: identifies
the key technical components of the candidate spent fuel and HLW disposal facility at
Yucca Mountain using IMARC Phase 4; makes recommendations regarding the the
prioritization of the technical development work remaining; and provides an
assessment of the overall technical suitability of the candidate HLW disposal facility at
Yucca Mountain.

A series of calculational cases are conducted using IMARC Phase 4, and are reported in
Part I. The cases focus on a dose rate end point calculated over times scales that exceed
the time of peak release into the accessible environment (biosphere) , on the order of
several hundred thousand years. These calculational cases are configured to explore
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INTRODUCTION (R. McGuire and J. Kessler)

the most recent conceptual models and data regarding future conditions, as well as
revised repository design concepts, for the Yucca Mountain Site. Expert judgement is
used to evaluate and select data from published sources. Recognizing both current
uncertainties and, in some cases, paucity of data, emphasis is placed on selection of
"best estimate" values, with higher and lower values representing conservative
bounding values. In certain areas, alternative conceptual models are compared as to
their impact on overall repository performance. Comparisons of these calculational
cases with the most recent results from the USDOE and other government agencies are
also made. Recommendations are also made with respect to the priority of possible
design modifications, data collection and site characterization activities.

The assurance of a successful license application for Yucca Mountain depends on a
robust demonstration of long-term safety from a scientifically credible, traceable, and
transparent process. While specific safety regulations are still under development, Part
II of this report augments the IMARC analyses presented in Part I. The additional
analysis and discussion in Part II provides, among other things, an independent
evaluation of the implications of adopting alternative assessment contexts presented in
Section 13 that might be considered as part of a more robust and transparent safety
demonstration for final licensing. Alternatives for assessment end points, regulatory
time scale, alternative repository designs based on "defense -in-depth", competing
conceptual site models, hypothetical exposure groups, and uncertainty in future events
are explored.

1.1 Acknowledgments and Contents of Part I

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 provided
an analysis of the likelihood of "superpluvials" and wrote Chapter 2. Stuart Childs of
Tetra Tech examined models of surface water effects and infiltration, and wrote Chapter
3. Modeling of repository conditions with respect to repository temperature, the
fraction of the repository assumed wet, and flow rates through the "wet" portions as a
function of time is documented in Chapter 4 and Appendix D by Benjamin Ross of
Disposal Safety, Inc. The containment barrier system model was developed and
documented in Chapter 5 by David Shoesmith of University of Western Ontario, and M.
Kolar of AECL.

The source term, flow and transport models, and biosphere flux-to-dose conversions
used in IMARC Phase 4 are substantially the same as that used previously in IMARC
Phase 3 (EPRI, 1996). A summary of the Phase 3 model of the source term, along with
updated information on elemental solubilities and sorption coefficients was
documented (Chapter 6) by a team from QuantiSci, Inc.: Wei Zhou, Michael Stenhouse,
and Michael Apted. Chapter 7 includes a brief review of the flow and transport models
developed by Ed Sudicky of Groundwater Simulations Group. Frank Schwartz, from
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Ohio State University, also provided updated estimates of hydrologic parameters in
Chapter 7. The biosphere dose model used to estimate doses was developed by
Graham Smith and others from QuantiSci, Ltd. This model was summarized in Chapter
8.

Chapter 9 describes the overall structure of the IMARC Phase 4 model and how the
subsystem models are integrated. This chapter also provides a general discussion of the
assumptions and expert judgment that went into the development of the models.
Chapter 9 was written by Robin K. McGuire (Risk Engineering, Inc.) and John Kessler
(EPRI). The IMARC Phase 4 calculations were performed at Risk Engineering by John
Vlasity. They are reported by Robin McGuire and John Vlasity in Chapter 9, also. An
analysis of the key technical components, performed by John Kessler and Robin
McGuire, is provided in Chapter 10. A summary of the general conclusions, and
recommendations for future direction, by John Kessler are made in Chapter 11.

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.

The components of and acknowledgements for Part II of this report are presented in
Chapter 12.

1.2 References

1. EPRI (1990). Demonstration of a risk-based approach to high-level waste repository
evaluation, EPRI NP-7057, Electric Power Research Institute, Palo Alto, October 1990.

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

3. EPRI (1996). Yucca Mountain Total System Performance Assessment, Phase 3, Electric
Power Research Institute, Palo Alto, December 1996.
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2
SUPERPLUVIALS PAST, AND FUTURE AT YUCCA

MOUNTAIN, NEVADA (A. LONG)

2.1 Abstract

A model for future climate conditions at Yucca mountain, presented recently to the
Nuclear Waste Technical Review Board, includes precipitation estimates that are much
higher than previous estimates. These high estimates are based on a large database of
ostracode fossils found in Pleistocene deposits near Yucca Mountain. The climate
calibrations for the fossil ostracode species are from statistical fits to sites in Minnesota
and Washington state where many of the same species survive. The modern calibration
sites vary widely in mean annual temperature and precipitation. The precipitation
estimates based on plant fossils are calibrated locally and their taxon-based climate
inferences are more robust. It thus seems likely that the uncertainty in ostracode-based
inferred paleoclimate at Yucca Mountain is greater than reflected in the model of future
climates presented to the Board. The plant-fossil-based climate inferences suggest a
significantly lower future precipitation for Yucca Mountain than the ostracode-based
inferences.

2.2 Introduction

As future climate may be critical to the safe, long-term storage of high-level radioactive
waste in Yucca Mountain, it is incumbent on us to evaluate as confidently as possible
what the future climate will be at this potential repository. Past climate shows patterns
of change that suggest what the future holds. Instrumental weather records for the
state of Nevada extend back in time about 100 years. Extensive geological and
paleobotanical studies in Nevada and elsewhere conclude that the past century does not
reach far enough into the past to reveal the extent of climate changes the Earth
experienced during the past million, or even the past 20,000 years.

Based on the principle that the past is the key to the present and future, geologists
examine evidence of past climates imbedded in geological and biological deposits, and
assign ages to these deposits. In addition, the climate of the immediate future may be
influenced by conditions not known during the past million years-a CO2-induced

2-1
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greenhouse. Estimates of future greenhouse climates are based on general circulation
model predictions of the effects of expected anthropogenic gases and aerosols in the
atmosphere. Estimates of post-greenhouse future climates are based on the likely
continuation of periodic climate changes revealed in geologic and paleontologic
records. These estimates have been documented in previous reports (EPRI, 1992; 1996),
and in a recently published article in a peer-reviewed conference volume.'

A presentation by Jack Gauthier of Sandia National Laboratories to the Nuclear Waste
Technical Review Board on 23 April, 1998, included a summary of future climate
estimates at Yucca Mountain for the next million years. Of particular interest to the
integrity and safety of high-level radioactive waste storage in Yucca mountain is the
future precipitation, as precipitation is closely related to net infiltration, degradation of
storage containers, and removal and dispersal of radioactive waste.

In the Gauthier presentation, the suggested future precipitation can be simplified into 3
precipitation modes:

1. Dry: 150mm/yr

2. Long-Term Average: 300mm/yr

3. Super Pluvial: 450mm/yr

The "Dry" has a duration of 10,000 years and recurrence interval of 100,000 years. The
"Super Pluvial" has a duration of 10,000 years and a recurrence interval of 400,000
years. The "Long-Term Average" occupies the rest of the time. No references were
given for the basis of these precipitation estimates. As the term "Super-pluvial" is
evidently new to the Yucca Mountain climate literature, it is of interest to delve into its
origin and basis. In addition, the 300mm/yr value for long-term average precipitation
is higher than suggested by some lines of evidence. The present manuscript examines
the apparent basis for these precipitation estimates.

2.3 Global Climate Changes During the Pleistocene

The Pleistocene Epoch, approximately the time from 3 million to 10,000 years ago, is
characterized by cyclic climate changes. These climates ranged from glacial conditions
to periods of time similar to the present. During glacial times, which comprised most of
the Pleistocene, some of the mountain ranges near Yucca Mountain had permanent ice
fields, while the valleys and low ranges, such as Yucca Mountain, experienced cooler
and wetter conditions.

1 Proceedings of Waste Management 98, Tucson, AZ, March 1-5, 1998. WM CD-ROM, WM Symposia,
Inc., PO Box 35340, Tucson AZ, 85740-5350.
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Microfaunal species and stable isotope values from ocean cores, and stable isotopes in
layered ice sheets in Greenland and Antarctica have provided records of global climate
change. These are well documented in reviews such as Houghten et al., 1996. Local
climate changes show local climatic fine structures that evidently depend on latitude,
proximity to major water bodies, general atmospheric circulation patterns and nearby
topographic features.

2.4 Past and Future Climates In the Yucca Mountain Vicinity

After a geologically brief period of influence by anthropogenic greenhouse gases,
during which climate would be warmer and possibly wetter, climate in the Yucca
Mountain vicinity during the next million years is generally expected to follow the
global trends and patterns revealed in the geological records of the past three million
years. For example, the region is currently very dry owing a large part to its position in
the "rain shadow" of the Sierra Nevada mountains as moist air tends to travel from the
Pacific Ocean eastward. Yucca Mountain may not have been so dry during the
Pleistocene, however. Several lines of evidence point to cooler, moister climates at
Yucca Mountain in the past. The most recent of these more temperate climate
conditions corresponded to times of glacial advances in other parts of the world, and
general cooling of landmasses and ocean surfaces. Past climates near Yucca Mountain
are recorded in fossil plants and animals Spaulding (1985), paleolake levels (Wells, et al.,
1989), and most strikingly, in stable oxygen isotope ratios in vein-filling carbonates in
Devil's Hole Winograd, et al. (1992).

All of these investigations and others present evidence that the Yucca Mountain vicinity
experienced cooler and wetter climates in the past. Other studies (for example, Quade,
et al., 1995) show how increased recharge during the cooler phases of the Pleistocene
caused a rise in the groundwater table beneath Yucca Mountain. The Geologic record
also reveals that past climates changed in a more or less regular pattern during the past
3 million years. Major cool, wet events waxed and waned about every 100,000 years. In
the times between the maxima and mirnima of these cycles, the climate evidently was
intermediate and variable. See for example Winograd, et al. (1992). Climate similar to
the present lasted for about 10,000 every 100,000 years.

Spaulding (1985) examined and radiocarbon dated fossil plant remains preserved in
packrat middens in the Sheep Range, which is a major mountain range northeast of Las
Vegas and east of Yucca Mountain. Many tree and shrub species grow in restricted
climate zones. Their leaves are collected by packrats, who gather nearby plant remains
for nests, and preserved for thousands of years by the rat urine ("amberat") and
relatively dry conditions. Radiocarbon dates on the plant remains reveal the times in
the past when certain plant species grew at specific elevations. Based on his
paleobotanical study, Spaulding (1985) concluded the following full-glacial conditions
(about 12,000 to 30,000 years ago) relative to present-day conditions:
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Winter temperature

Summer temperature

Annual temperature

Winter precipitation

Summer precipitation

Annual precipitation

at least 6 K cooler

6 to 8 K cooler

6 to 7 K cooler

60 to 70% wetter

40 to 50% drier

30 to 40% wetter

Note that these are full-glacial conditions, and that other records suggest that most of the
time, the climate was at varying levels between the present and full glacial. French (1985)
dassifies winter as October through April (7 months) and summer as May through
September (5 months), and gives the following averages for Yucca Mountain present-
day precipitation:

Winter

Summer

Annual

100mm/yr

57mm/yr

157mm/yr

If Spaulding's percentage differences pertain for Yucca Mountain as well as for the
Sheep Range, the full-glacial Yucca mountain precipitation would be:

Winter

Summer

Annual

160 to 170mm/yr

30 to 40mm/yr

190 to 220mm/yr

Quade, et al., (1995) studied fossil spring deposits near Yucca Mountain. Although they
did not estimate precipitation for the full glacial, they did find that the water table
beneath Yucca mountain rose during the last glacial times. The rise was no more than
115 meters. Estimation of increased precipitation required for this rise is not
straightforward, as the rise depends strongly on the size and elevation of the watershed
(Quade, personal communication).

Note that the precipitation values of Spaulding represent full-glacial conditions. The
Winograd et al. data suggest that full-glacial conditions prevailed less than half the time
during the Pleistocene.
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2.4.1 Basis for Superpluvials and High Precipitation for the Long-Tern Average

Identification of tangible evidence at Yucca Mountain for superpluvials was hindered by
the apparent lack publications detailing the development of this concept. Two papers
are available, produced by Dr. Richard M. Forester, a paleontologist at the U. S.
Geological Survey, Denver, Colorado, and Dr. Alison Jean Smith, of Kent State
University, Kent, Ohio. In contiguous papers (Smith and Forester, Forester and Smith,
1994), they present ostracode data from Pleistocene spring-discharge sediments in the
Las Vegas area, and interpret the species assemblages in terms of climate where these
species are found living today in lakes, springs and wetland areas. An ostracode is a
microscopic aquatic bivalve crustacean. Their habitats range widely, but certain species
are found in restricted environments. The presence of certain ostracode species or
species assemblage in a geological deposit implies that the same climate constraints
apply to the fossil deposit as apply to the environment in which they are found today.

Foster and Smith, using a statistical best fit procedure, found that the closest living
species matches to the fossil ones near Yucca Mountain were localities in the states of
Minnesota and Washington. Mean annual temperatures among these modem analog
sites ranged from 3.9 to 10.50C and annual precipitation among sites ranged from 240 to
692mm/yr. The authors averaged these modem analog climate values for comparison
with the fossil ostracodes near Yucca Mountain. They concluded that "Pleistocene
average climate in southern Nevada may have been about four times wetter than today
and perhaps as much as 109C colder".

Presumably, the 400,000-year recurrence interval for superpluvials derives from a long
Milankovich cycle, but this cycle is not statistically apparent in the oxygen isotope
record from marine sediment cores. It also does not show up in the plant macrofossil
record from the Sheep Range.

2.4.2 Discussion

The precipitation amounts during superpluvials (450mm/yr precipitation) and high
long-term average (300 mm/yr) precipitation in the Yucca Mountain future climate
model (presented by Jack Gauthier at the April 1998 Performance Assessment (TSPA-
VA) meeting in Albuquerque) are evidently based entirely on climate inferences from
the presence of certain ostracode species in fossil beds in the Yucca Mountain vicinity.
It is assumed that in paleoenvironmental reconstruction, the morphological
characteristics as well as environmental tolerances in ostracodes are retained in
temporal and spatial transgression from southern Nevada to Washington and
Minnesota.

The ostracode climate analog sites for Yucca Mountain glacial maximum are from
higher latitude localities where the polar front, that was farther south during pluvial
times, has retreated during the present-day climate. The present-day environments for
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these ostracode species show a considerable range of temperature and precipitation.
For example, the modern controls ranged from 169 to 669 mm/yr precipitation, and 3.9
to 10.50C mean annual temperature. The authors averaged these values for their
paleoclimatic inferences, thus obscuring the uncertainties in their paleoclimatic
conclusions. A wide range of mean annual precipitation tolerance is understandable for
animals that live in ponded water.

2.5 Relative Merits of Plant Macrofossils and Ostracodes in Climate
Inferrences

A case can be made for the notion that ostracode-assembly-based climate inference is
not as reliable as plant-taxon-based climate inference, and that the long-term average
level of precipitation for Yucca Mountain, past and future, is significantly less than
300mm/yr. Plant and animal species vary in their tolerances for ranges of
environments. Although certain ostracode species can be very sensitive to temperature,
another species may vary widely in its environmental tolerances. Salinity is a third
factor controlling species tolerance in ostracodes. An example of how precipitation can
be difficult to control is that some ostracode species live only seasonally, thus respond
to seasonal precipitation. Paleo-precipitation reconstruction is particularly difficult
without knowing the size of the watershed feeding the pond in which fossil ostracodes
lived. Spring-fed ponds and marshes can have a wide range of salinity conditions, and
these can exist under a wide range of precipitation. For these reasons, some
micropaleontologists choose not to use statistical (transfer function) approaches on
ostracode distributions to infer environments. These characteristics and species
environmental tolerance variability in general were discussed at length during the
construction of COHMAP (Cooperative Holocene Mapping Project). It was decided to
rely on individual taxa of known climate tolerances, rather than on statistical
assemblages for climate reconstruction.

Analog sites for plant species are not always straightforward, either. However, in the
case of Spaulding's study in the Sheep Range (1981, 1985), the Pleistocene and the
modern control sites are the same locality, a mountain range within 100 km of Yucca
Mountain. He compared the presence and relative abundances of species of conifers,
junipers, shrubs and deciduous trees in packrat middens that radiocarbon dated in the
Pleistocene (glacial time) and Holocene (postglacial time). Relying on species of known
climatic tolerances and elevational differences between locations of packrat middens,
Spaulding inferred winter and summer temperature and precipitation differences
between the full-glacial conditions and the present (see above).

The differences in the paleoclimate inferences of Spaulding and of Forester are very
significant. Although they are based on different paleontological types and datasets, it
is difficult to reconcile both in a compromise. Although species identifications are not
in question in either case, both cannot be right in their climate interpretations. What
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does seem to be generally true, based on discussions with micropaleontologists, is that
conclusions based on plant fossils and pollen species are more robust than conclusions
based on ostracode species. The southwestern US fossil plant record has developed
over five decades of study by scores of investigators, widely distributed in the
literature.

It is possible that Spaulding could have missed a midden recording a 10,000-year
duration superpluvial during the full-glacial episode; it is an extensive mountain range.
However, middens require a relatively dry climate for preservation, and 10,000 years of
450mm/yr may be enough water to wash away existing packrat middens (Spaulding,
written communication). That evidently did not happen.

The long-term average future precipitation projection of 300mm/yr is also significantly
greater than the full-glacial maximum of 190-220mm/yr2 that Spaulding's
paleobotanical data suggest. The observed fossil species assemblages simply do not
permit a doubling of mean annual precipitation. At 300mm/yr, much more pinyon,
ponderosa pine, Douglas fir, and spruce would have appeared in the middens
(Spaulding, written communication). Certain plants did appear which would not have
at 300mm/yr, such as atriplex, curl-leaf mountain mahogany, and others (Spaulding
written communication).

Note that ice-core records, ocean-core stable isotope data and Devil's Hole stable
isotope data indicate that the long-term average climate throughout the Pleistocene was
much less extreme than the maxima. Thus, if precipitation scales with temperature,
which is likely, the long-term average precipitation at Yucca Mountain should be
between 150 and 220mm/yr.

2.6 Conclusions

The "Superpluvials" and "Long-Term Averages" assumed for Yucca Mountain in the
model presented by Gauthier are based on ostracode species assemblages found in
Minnesota and Washington. The inferred precipitation values are likely to be
overestimates, or at best, worst-case scenarios. These precipitation values are based on
data that are less robust than values based on specific plant taxa and calibrated near
Yucca Mountain. The "superpluvial" and "Long-Term Average" climate inferences are
thus inconsistent with, and for some species, incompatible with those of Spaulding
(1985) and the "Long-Term Average" is inconsistent with that implied by the Winograd
et al. (1992) study as well as with climate variations suggested by a large body of stable
isotope data from ocean and ice cores.

2This figure is linearly scaled for Yucca Mountain based on Spaulding's Sheep Range data.
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3
NET INFILTRATION (S. CHILDS)

3.1 Executive Summary

The 1992 IMARC surface hydrology/infiltration model was updated by incorporating a
new, physically realistic process model for estimating runoff. In addition, the basic
input data set was improved by using physical properties made available since the 1996
model calculations. Climate input realizations were not modified because the 1996
IMARC Phase 3 [EPRI, 1996] work is still current.

The resulting calculations of net infiltration for several climate scenarios (present day
interglacial, full glacial/pluvial and greenhouse) are higher than previous estimates.
This is a result of both model and input parameter changes. The IMARC Phase 4 net
infiltration values (7.2 mm/yr for present climate and 19.6 mm/yr for full glacial
climate) compare favorably with other available estimates based on measurements,
models and expert elicitation. DOE estimates for full glacial climate net infiltration are
higher because the precipitation estimate is 300 mm/yr as compared to the IMARC
estimate of 195 mm/yr.

A sensitivity analysis of the effect of soil and vegetation properties on net infiltration
values was conducted. This was used as a basis for establishing estimates of expected
and extreme values of net infiltration for each climate scenario modeled. These model
inputs affect net infiltration much less than climatic factors (rainfall amount and
distribution, temperature) and whether runoff from the basin soil/hydrologic units of
Yucca Mountain occurs or is retained on site.

3.2 Introduction

In late 1997, a critical review of the IMARC Phase 3 calculation methodology [EPRI,
1996] and results was completed. As a result of this review, several improvements to
the net infiltration calculation for the model were deemed necessary. The present and
future climate analyses of IMARC Phase 3 [EPRI, 1996] did not require modifications
because currently available information still supports the 1996 methodology.

Two primary adjustments in net infiltration modeling are pursued here. First, the U.S.
Geological Survey (USGS) has published a comprehensive database for soil and rock
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physical properties, including flow properties. New parameter values as well as new
information about spatial variability were incorporated in the IMARC net infiltration
model.

The 1996 IMARC report contained an evaluation of runoff calculations made with the
net infiltration model. It was judged that the runoff values calculated were unrealistic.
Therefore, the model was evaluated and revised to provide a more realistic physical
simulation of the runoff process.

3.2.1 Objectives

The primary objective of this section is to provide revised estimates of net infiltration
based on current data and concepts. To accomplish this, the following specific
objectives were met

* Review and revise the 1996 IMARC infiltration code.

• Review available literature and data on physical properties and incorporate them
into the model.

* Provide a sensitivity analysis of the effect of physical property values on net
infiltration results.

3.3 Model Description

In 1992, the IMARC net infiltration model was developed to provide estimates based on
basic physical principles of the near-surface unsaturated flow process [EPRI, 19921. In
1995, additional net infiltration calculations were made using the 1992 model with
updated climate descriptions [EPRI, 1996]. This report addresses updating of the 1992
conceptual model of net infiltration as well as the computer code used to implement the
model.

3.3.1 Review of the Basic Model

The 1992 IMARC net infiltration model is a one-dimensional finite difference code
based on the Richards equation for unsaturated zone water flow. The model also
incorporates source and sink terms for plant water uptake, surface infiltration, and
drainage from the root zone to the deep subsurface (this is net infiltration). The model
requires daily climate information and incorporates sub-daily time steps in order to
make a realistic simulation of soil and hydrologic processes.

In order to simulate the Yucca Mountain site, model calculations are made for three
soil/hydrologic units: shallow soils at the top of Yucca Mountain, moderately deep
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soils on the side slopes, and deep soils in the basin areas of Yucca Mountain. For
IMARC modeling purposes, the footprint of the proposed repository, rather than a
larger area, is used for model calculations. Average net infiltration for this model
domain is calculated by using a spatial average of the three soil/hydrologic units.

Model calculations are made for three climate regimes: present interglacial conditions,
full glacial (pluvial) conditions, and greenhouse climate conditions. For each climate
scenario and soil/hydrologic unit, model calculations are made using 122 years of
climate input data generated from stochastic models for winter and summer conditions
[EPRI, 1992]. In this way, the variability in net infiltration caused by a) annual
precipitation and b) antecedent conditions is incorporated in results.

3.3.2 Runoff Conceptual Model

In the 1992 net infiltration model, runoff was calculated daily. When a rainfall event
occurred, the soil profile was filled to field capacity based on the soil water
characteristic curves of Campbell [1985]. The water content at -100 cm water potential
was used as the field capacity value. Rainfall in excess of the amount required to "fill"
the soil profile was assumed to become either net infiltration or runoff. A portion of the
excess water between 3 and 7 percent was routed directly to net infiltration. This
fraction simulated infiltration from water entering the soil above field capacity and
moving rapidly through the soil to the subsurface rock layers. The remainder of the
excess rainfall was considered to be runoff. Runoff from each of the three soil/
hydrologic units was assumed to leave the site and have no further impact.

The procedure outlined above was modified in 1998. When a rainfall event occurs, the
model now fills the soil profile to an effective "saturation" value rather than field
capacity (Figure 3-1). The definition of saturation is not the theoretical, 100 percent of
porosity value. Because air filled pores exist when a wetting front enters and moves
through the soil, effective saturation is less than the theoretical maximum. For the
purposes of this model, a near saturation water potential value of -50 cm was used. The
effect of this value on net infiltration results is the subject of sensitivity analyses to be
reported in a following section. Temporary storage is, therefore, the amount of water
stored between -100 and -50 cm water potential.

Rainfall in excess of the amount required to fill the soil to "saturation" is considered to
be runoff. The water stored in the soil is treated in two ways. First, movement of the
field capacity water is determined using the Richards equation-based calculation using
total water potential. The temporary storage water replenishes the field capacity as
required. In addition, this water can drain directly to the underlying rock layers. The
rate of drainage is determined by a Darcy's law calculation using a unit gradient and
the saturated conductivity of the underlying layer. This component of drainage is
generally larger than the field capacity term that addresses water held in the soil by
matric forces.

3-3



NET INFILTRATION (Stuart Childs)

Slope
Runoff
_ ~~Basin

_Runon

-.. _ Basin Runoff

Temporary Storage Total

/ }Field Capacity Water
Depth of Net - Storage
Infiltration

Figure 3-1
Schematic of the Runoff/infiltration Process

Net infiltration modeling was also updated to address the capture of runoff from high
elevations on lower lying soil/hydrologic units. Model runs are made sequentially to
allow runoff from the shallow soils of the ridge of Yucca Mountain to be included as
run-on to the slope soils. Runoff from the sloping soils is treated as run-on to the basin
soils. Runoff from the basin soils is treated in one of two ways: a) assumed to leave the
model domain, or b) retained until it enters the soil to be redistributed by the
unsaturated zone flow calculation. As part of sensitivity analysis, trial calculations
were made using these two options for basin runoff. These results will be discussed in a
following section.

3.3.3 Input Parameter Revisions

Input parameters for the net infiltration model were adjusted from the 1992 version
based on newly developed data, primarily from USGS [Flint 1998; Flint and Flint 1995;
Flint et al. 19961. Table 3-1 summarizes the physical properties used and their change
between 1992 and 1998. Detailed soils information [Flint et al. 1996] was used to update
soil horizon depths, textures, and rock fragment percentages. No changes were made
in soil texture and rock fragment percentages increased in most horizons. The total
depth of the basin soils was increased and soil depth of the slope soils was decreased.

Vegetation properties of the Yucca Mountain repository are not well documented. The
estimated values used were reviewed by persons experienced with Yucca Mountain
field conditions (Lorraine E. Flint, Personal Communication, 1998). Rooting depth for
shrubs was adjusted based on Ms. Flint's field observations.
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Table 3-1
Physical Properties Used for Infiltration Model Calculations

Hydrogeologic I Soil Unit

Basin Slope Shallow

Parameter 1992 1998 1992 1998 1992 1998l
A Horizon Soil Depth, cm 100 25 20 5

B Horizon Soil Depth, cm 200 225 75 65 20

C Horizon Soil Depth, cm 300 350 150 100 35

A Horizon Texture Loamy Sand Loamy Sand Loamy Sand

B Horizon Texture Loamy Sand Loamy Sand Loamy Sand

C Horizon Texture Loamy Sand Loamy Sand Loamy Sand

A Horizon % Rocks 0 20 0 10 10 20

B Horizon % Rocks 20 10 20 20 30

C Horizon % Rocks 20 20 30 30 40

Initial Soil Water Potential, bar -1.5 -1.5 -1.5

Forbs/Grass Cover, % 20 20 20

Shrub Cover, % 10 20 10 10

Forb/Grass Root Depth, cm 35 15 15

Shrub Root Depth, cm 150 300 80 30

Effective Saturation Water Potential, cm -50 -50 -50

Profile Drainage Rate, cm/day 86.4 0.1 0.29

Note: Numbers between the dates means they remain unchanged.
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3.4 Modeling Results and Discussion

3.4.1 Net Infiltration Results

The primary output of net infiltration modeling is a series of average net infiltration
values as a function of climate (characterized by average annual precipitation). This
information (Table 3-2) is a distillation of 122 year calculations for three soil/hydrologic
units, five climate scenarios, and three occurrence probabilities. The net infiltration
column labeled "base case" is the most likely to occur, estimated at 90 percent
probability. Values are shown for greenhouse, interglacial (present), and full glacial
(pluvial) conditions. A relationship between average annual net infiltration and
average annual precipitation was developed by linear regression for these three climate
scenarios. Values for one-third full glacial and two-thirds full glacial were determined
using the regression equation and average annual precipitation for these climate
scenarios.

Table 3-2
Net Infiltration Rate Values for Three Climate Scenarios

Average Net Infiltration, mm/yr

CLIMATE Average PPT LOW' BASE CASE2 HIGH'
(mm) (5%) (90%) (5%)

Greenhouse 168.6 1.9 11.3 19.2
Interglacial 154.6 1.11 7.2 9.6
1/3 FGM 169.1 2.8 11.6 19.2
2/3 FGM 183.7 4.9 16 28.6
FGM 194.5 6.8 19.6 35.4

NOTES:
'Base case, except: % rockl2, vegetation cover *2, effective saturation water potential = -10 cm
2See Table 3-1 for base case model inputs
3Base case except: %rocks *2, vegetation cover/2, no runoff from basin soil/hydrologic unit
Probabilities listed in parentheses

These climate scenarios cover a range of approximately 40 mm average annual
precipitation between interglacial and full glacial conditions. Figure 3-2 shows a scatter
plot of the range of average annual precipitation and net infiltration values around the
mean value for each climate scenario. Data points from neutron log measurements of
net infiltration [Flint et al. 19961 are shown for comparison. Figures 3-3 and 34 present
the model results in cumulative probability format
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Figure 3-2
Rainfall vs. Net Infiltration for Three Climate Scenarios

When compared to interglacial conditions, full glacial precipitation is distributed
differently during the year and average annual rainfall is approximately 26 percent
higher. In contrast, base case net infiltration estimates more than double from
interglacial to full glacial conditions. It is of note that the precipitation range of IMARC
work is much smaller than that postulated by the Department of Energy (DOE) for its
recent modeling efforts [Gauthier 1998]. DOE net infiltration calculations are based on
an assumed full glacial climate with 300 mm/yr precipitation. IMARC runs use an
average of 194.5 mm/yr and achieve 300 mm/yr precipitation approximately 10
percent of the time during full glacial conditions.

Base case net infiltration was calculated using model input parameters shown in Table
3-1. Low and high case net infiltration values were estimated using the same model
with different input data sets assumptions:

The low net infiltration estimates (assumed to have an occurrence probability of 5
percent) were calculated by changing the following parameters from base case
conditions: vegetation cover was doubled; rock fragment percentage was halved; the
water potential at effective saturation was assumed to be nearer zero (-10 cm); and
soil properties of a loam were used.
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The high estimates for average net infiltration (5 % probability of occurrence) were
calculated by modifying base case model conditions in the following manner.
vegetation cover was halved; rock fragment content was doubled; and it was
assumed that no water ran off the basin soil hydrologic unit. All water reaching the
basin by precipitation or run-on remained on site to evaporate, be taken up by
plants, or drain through the soil profile to become net infiltration.

3.4.2 Sensitivity Analysis

A sensitivity analysis of the effect of physical property input values on net infiltration
values was conducted using the 1998 model. This was undertaken to evaluate the
importance of various parameters. The basic evaluations were made based on a series
of model calculations made by holding all factors but one constant (Table 3-3). The
table has four data columns that allow comparison of a) climate and b) treatment of
runoff from the basin soil/hydrologic unit by comparing values within a single row.
Comparison between rows but within a single column allows a comparison of other soil
and vegetation inputs. The results of this analysis can be summarized as follows:

* Effect of climate. Because this was assumed to be the dominant factor affecting net
infiltration magnitude, precipitation effects were analyzed separate from net
infiltration modeling and incorporated as a major component of net infiltration
model runs. Model results demonstrate that a 26% increase from present climate to
full glacial climate results in almost tripling net infiltration from 7.2 mm/yr to 19.5
mm/yr (Table 3-2).

* Effect of soil texture. Soil texture effects were assessed by making calculations for 10
texture classes (which are represented by different soil hydraulic properties). Of
these, three are likely to occur on reasonably large areas at Yucca Mountain: silt
loam, sandy loam, and loamy sand. Loam and sand soils are likely present only in
small areas. The texture classes not likely to be present all result in low net
infiltration estimates compared to the "standard" case used for the sensitivity
analysis (Table 3-3). The hydraulic properties used for sand result in high net
infiltration estimates when compared with all other sensitivity runs because the
hydraulic properties used are extreme and do not incorporate the effects of layering
that occur in the soils of Yucca Mountain and act to reduce downward water flow.
Differences in net infiltration among texture classes is most pronounced for full
glacial climate when no runoff leaves the basin soil/hydrologic unit.

* Effect of vegetation cover. This factor was evaluated by making model runs with
vegetation cover halved and doubled. Within columns, the range in estimated net
infiltration was approximately 50 percent of the standard case value for present
climate and 40 percent for full glacial climate. This variation is enough to warrant
more thorough treatment of vegetation in both field investigations and modeling.
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Table 3-3
Effect of Soil and Vegetation Properties on Net Infiltration

Net Infiltration, mmnyr

Soil Type Present Climate Full Glacial Climate

No Basin Basin No Basin Basin
Runoff Runoff Runoff Runoff

Clay 3.9 3.9 10.7 10.3

Silty Clay 1.1 1.1 7.4 6.6

Silty Clay Loam 0.9 0.9 5.8 5.6

Clay Loam 1.2 1.2 7.5 6.9

Sandy Clay Loam 1.4 1.4 8.0 7.4

Loam 1.1 1.1 6.6 6.5

Silt Loam 9.0 9.0 17.8 17.8

Sandy Loam 2.3 2.3 14.0 11.2

Loamy Sand (Standard') 9.5 9.6 37.1 25.9

Sand 68.2 58.2 114.4 71.6

Vegetation Cover Doubled 7.2 7.1 32.7 22.7

Standard 9.5 9.6 37.1 25.9

Vegetation Cover Halved 12.5 11.9 47.7 33.8

Rocks Content Doubled 13.6 12.3 44.0 28.5

Standard 9.5 9.6 37.1 25.9

Rocks Content Halved 8.5 8.2 34.5 30.7

-50 cm Water Potential at uSaturationn 9.5 7.2 41.9 19.8

Standard 9.5 9.6 37.1 25.9

-10 cm Water Potential at £Saturationu 9.5 9.4 35.4 27.3

' The standard case used for this simulation differs from the base case for model calculations in that the
standard case uses effective saturation water potential of -20 cm and the base case uses -50 cm.
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The IMARC model incorporates vegetation growth in its 122 year calculations but does
not use different initial vegetation cover for different climate scenarios. If it were
assumed that full glacial vegetation cover is twice that of interglacial conditions, this
would result in a 12% decrease in net infiltration (from 25.9 to 22.7 mm/yr) for the
sensitivity study. Model calculations made without increasing vegetation cover for full
glacial climate conditions provide a conservative over-estimate of average annual net
infiltration. The decrease in net infiltration as vegetation cover increases depends on
climatic conditions as shown in Table 3-4.

Table 3-4
Sensitivity of Infiltration rate to doubling of assumed vegetation cover

Base Case Infiltration, Infiltration with vegetation doubled,
Climate Scenario mmlyr mmlyr

Interglacial 7.2 6.0
Full glacial 19.6 17.5

Greenhouse 11.3 7.8

* Effect of soil storage volume. Soil storage volume affects net infiltration in two
opposing ways. First, increased soil storage decreases or delays runoff and should
increase net infiltration when precipitation is abundant. Second, increased soil
storage decreases net infiltration by holding water in the soil profile where it may
evaporate or be taken up by vegetation before it can drain to become net infiltration.
This should decrease net infiltration, especially when precipitation is low.

Two parameters in the model affect soil storage. As rock content increases, soil water
storage decreases because rocks are much less porous than soils. Rock content affects
both the field capacity and effective saturation values. The water potential at
saturation changes soil water storage by increasing or decreasing the amount of
water stored at effective saturation. These two factors have slightly different effects.
Under full glacial climate conditions, neither storage factor has a large effect on net
infiltration - the range of values is approximately 20 percent of the standard case
value. Under present climate conditions, the effect of change in storage is small in
magnitude but its range in value is 50 percent of the standard case value for
changing rock fragment percentage.

* Effect of runoff treatment. Table 3-3 provides a comparison of net infiltration when
runoff is allowed from the basin soil/hydrologic unit and when it remains in the
basins to infiltrate. When no runoff from the basins occurs, net infiltration is always
higher. The effect is small for present climate conditions and substantial for full
glacial conditions when runoff is more frequent.
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The sensitivity analysis described above shows that the IMARC net infiltration model
has sensitivity to physical input parameters that seldom reaches an order of magnitude.
While more detailed characterization of the site would improve basic calculation
results, the two items that net infiltration is most sensitive to are climate and capture of
runoff leaving the modeled area. Improvement in these areas are likely to come from
basic research or more detailed modeling.

3.4.3 Comparison to Other Models

Table 3-5 provides a summary of recent net infiltration estimates based on
measurements, modeling, and expert elicitation. Not all estimates in this table are
comparable. For instance, the watershed estimates [Lichty and McKinley 1995] are for
higher precipitation zones. These estimates are similar to those made by USGS for 300
mm/yr full glacial precipitation [Gauthier 1998] but somewhat higher than the IMARC
full glacial climate estimate of 19.6 mm/yr net infiltration (from a precipitation average
of 194.5 mm/yr).

The remaining estimates relate to present day interglacial climate conditions and range
from 1.2 to 10 mm/yr. The current IMARC average is 7.2 mm/yr.

Table 3-5
Comparison of Current Net Infiltration Estimates

Author/Date Net Infiltration
(mmlyr)

Comment

Matrix flow saturated conductivity is 0.02 mrrilyr for 80%
Flint & Flint, 1994 1.2

Fabryka-Martin, 1996 0 -5.4

Matrix flow saturated conductivity is 0.02 mmityr for 80%
of site; 13.4 mm/yr maximum rate

Cl' mass balance

Neutron logs from 90 bore holes, includes El Nino years

UZ5 Temperature profile matching

Expert elicitation

Flint et al., 1996 6.7

Bodvarsson, 1996 5.0

Geomatrix Consultants, Inc.
and TRW, 1997

EPRI 1996 (Phase 3)

10 (0.5 - 50)

1.2

2.9

Interglacial climate (154.6 mm/yr)

Full glacial climate (194.5 mm/yr)

Interglacial climate (154.6 mmlyr)

Full glacial climate (194.5 mm/yr)

This Study (Phase 4) 7.2

19.6

Lichty & McKinley, 1995

Gauthier, 1998

11.4 - 32.5 Hydrologic/watershed estimates 336.3 mm precipitation
zone

32.5 Full glacial climate (300 mm/yr) Flint et al. 1996 model
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4
NEAR-FIELD CONDITIONS (B. ROSS)

4.1 Introduction

The environment of the waste repository at Yucca Mountain will be strongly affected by
the radioactive decay heat of the waste. Not only will the temperature increase, but the
heat will have a strong effect on fluid flows, and fluid flows in turn are likely to affect
temperature. Because of this feedback, it has not been easy to predict the
thermohydraulic behavior of a repository at Yucca Mountain.

Several mechanisms of heat transfer are possible in unsaturated fractured rock,
including convective gas flow and countercurrent flow of gas and liquid near the heat
source. Each of these heat transfer processes can be simulated numerically. But
numerical models have, to date, been inadequate to address possible interactions
between these physical processes because they must be modeled on different scales.
Convection is scale-dependent, and therefore must be modeled on the mountain scale,
while countercurrent flow involves phenomena such as wetting fronts that require fine
grids for numerical modeling. As a result, no one has yet succeeded in simulating both
convection and countercurrent flow in the same computer run. At best [Buscheck,
19971, mountain-scale and local models have been run iteratively.

In IMARC Phase 4 (or IMARC-4), a new approach to analyzing thermohydraulic
behavior was developed in order to overcome this limitation. An approximate
analytical solution, provided in Appendix D, was derived for heat transfer around a
uniform disk-shaped heat source in the regime where convection and countercurrent
flow compete. This solution defines the conditions under which each heat transfer
mechanism will dominate. Knowing how the two mechanisms interact, previous
numerical simulation results that incorporate only a subset of the physical processes at
work in the system can be interpreted with more confidence to give quantitative
estimates of fluid fluxes around the repository. The fluid fluxes in particular, the flux of
liquid water past waste containers are the main outputs from the thermohydraulics
model to other portions of the IMARC model.

Because the analytical solution assumes that both the strength of the heat source and the
permeability of the surrounding rock are uniform in space, the picture it presents must
be modified somewhat to take into account the observed heterogeneity of fluid flow at
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Yucca Mountain. By considering together the analytical solution, the effects of
inhomogeneity, and the previous simulation results, a quantitative description of the
fluid flow around a heated repository was obtained.

Not all of the water flowing down through the repository horizon will come into
contact with waste. Capillary forces will tend to divert water around drifts that are
either left open or filled with coarse backfill. Where the percolation rate is insufficient,
some water will drip into the drifts. Even when dripping occurs, not all packages will
be dripped on. The number of packages that are dripped on is a key parameter for the

VLMARC model.

As in previous versions of IMARC, we describe the contact between water and waste in
terms of matrices estimating the fraction of wet and dry waste containers in various
situations. But now the fractions in the matrices are derived quite differently. Unlike
the earlier thermohydraulic analysis in which many fractions were simply estimated by
expert judgment, the lMARC-4 systems model calculates the fraction of wet waste
containers and the water flux using the analytical solution in Appendix D and various
published numerical simulations. Thus thermohydraulics is handled in a way that is
more like other portions of the model. The analytical solution is a simplified
quantitative model that describes the overall physical behavior of the system, like the
numerical models used in the IMARC waste corrosion and radionuclide transport
modules. Judgment continues to play a role, as it must, but its main function is to guide
the use of numerical formulas and models.

This chapter is organized as follows. We first describe the analytical solution, which is
presented in detail in Appendix D. We interpret results of thermohydraulic simulations
by DOE in terms of this solution, using them to infer the downward flux of condensate.
We then determine the percolation rate through the repository as a function of time and
place. Using the percolation values, we estimate the number of wet waste packages for
two repository designs: the baseline design and a naturally ventilated repository.

4.1.1 Analytical solution

The analytical solution developed for IMARC4 describes heat transfer and fluid flow
around a uniform disk-shaped heat source located in a moist, unsaturated, porous
medium. The solution treats the situation in which large-scale convective gas flow and
countercurrent flow of water and vapor are competing mechanisms of heat transfer. As
will be shown, the transition between regimes dominated by these two mechanisms
occurs when the heat source is near the boiling point.

To obtain an analytical solution, we consider the system at steady state, with the heat
output and the percolation flux of water constant in time. At any point, water
condenses or evaporates, but the moisture content and temperature do not change. The
heat and liquid water added by condensation or removed by evaporation are balanced
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by divergences in the fluxes of heat and liquid water. The heat source is a flat disk of
uniform heat output. The permeability of the porous medium is uniform.

The solution, presented in detail in Appendix D, gives the boundary between two
regimes of thermohydraulic behavior. In one regime, gas flow is upward everywhere
and temperatures remain below the boiling point. In the other regime, water vapor
generated by evaporation near the repository obstructs the upward buoyant flow, gas
flows outward from the repository in both directions, and temperatures rise above
boiling at the repository. Which of these two regimes occurs depends on the strength of
the heat source and the permeability of the rock.

A key finding of Appendix D is that the temperature of the heat source is closely linked
to the direction of gas flow: upward gas flow corresponds to below-boiling
temperatures, while gas flow outward in both directions requires temperatures above
boiling. The reason for this connection is as follows. Along the isotherm where the
temperature is at boiling the rock gas is composed almost entirely of water vapor. (This
requires that gas in the fractures has the same pressure and composition as gas in the
matrix, an assumption well justified for welded tuff [Doughty and Bodvarsson, 19971.)
At steady state, gas inside the boiling isotherm must also be nearly pure water vapor,
because before a steady state could be established, any gases other than water vapor
that might have been present would be displaced by evaporating water. To a good
approximation, no dry air (shorthand for all the non-condensable components of air)
can enter the zone where rock temperature is above boiling, so dry air cannot pass
through the repository.

Because flow in areas where temperature is below boiling necessarily moves dry air,
above-boiling regions act as obstades to gas flow elsewhere. This implies under
assumptions of uniformity and local gas equilibrium that heating the repository above
boiling makes the repository an obstacle to gas flow and prevents mountain-scale
convection. Water evaporates near the repository, vapor flows outward in both
upward and downward directions, and liquid water percolates downward to maintain
the evaporation process. There is a region around the boiling isotherm where
temperature is nearly uniform, countercurrent flow of liquid and water vapor occurs,
and heat is transferred very efficiently by this "heat pipe" mechanism.

On the other hand, if temperatures in the repository remain below boiling, a portion of
the gas is dry air everywhere. The gas flux cannot be outward in all directions from any
point, because such a flow pattern would remove all the dry air. Rather, the gas flows
upward through the repository and downward outside it, driven by the density
difference between hot and cold gas. This is the regime of buoyant flow and convective
heat transfer.
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The analytical solution gives the boundary between the two flow regimes. The solution
turns out to be very simple, depending only on heat loading and rock permeability.
This boundary is shown graphically in Figure 4-1.
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Figure 4-1
Analytical solution for upward heat flux and downward condensate flux In a
gravity-driven heat pipe, as a function of temperature, at the boiling-point limit.
This line marks the boundary between regimes of upward convective gas flow
through the reposit

The y-axis of Figure 4-1 is labeled on the left with the heat flux transferred upward.
Now, our physical model allows us to establish an equivalence between upward heat
flux and downward condensate flux. This relationship arises as follows. Heat
transferred around a repository that is near boiling is almost entirely latent heat
because:

1. Where temperatures are near boiling, the temperature gradient becomes small,
so conductive heat transfer becomes small compared to convection.

2. Most of the flowing gas is water vapor. The sensible heat carried by a gram of
water vapor is the product of the heat capacity and the temperature difference
between the place where it evaporates and the place where it condenses. The
amount of latent heat carried by the same gram of water vapor is equal by
definition to the heat of vaporization and is much greater than the sensible heat.

Thus the vapor flux is equal to the heat flux divided by the heat of vaporization of
water at atmospheric pressure. The upward vapor flux is in turn equal to the return
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flux of liquid condensate. Consequently when the repository temperature is near or
above boiling, the condensate flux is equal to the heat flux divided by the heat of
vaporization. In recognition of this relationship, the right-hand scale of the y-axis of
Figure 4-1 is labeled with the condensate flux (in millimeters per year) that is equivalent
to the heat flux.

The welded-tuff permeabilities of 10.11 to 10f1 m2 reported by Thorstenson et al. [1998]
imply that the combination of permeability and heat loading lies below and to the right
of the diagonal line shown on Figure 4-1. Dry air penetrates the repository, mountain-
scale convection exerts an upward force that exceeds the outward pressure of boiling
water, and vapor flows upward through the repository.

Appendix D shows that in this case temperatures will be below boiling and the rock
will remain moist throughout. But the dominant mechanisms of heat and moisture
transfer will vary, depending on the relationship between the heat load and the natural
infiltration rate:

* At small heat loads, temperatures are well below boiling and the rock will remain
moist throughout. Infiltration exceeds condensate reflux, unless the infiltration rate
is extremely small, and therefore condensate reflux does not have a large effect on
repository performance.

* If the heat load is large enough for temperatures to approach boiling, but not so
large that it exceeds what can be removed by evaporation of infiltrating water,
temperatures approach boiling. However, the condensate flux is less than the pre-
existing percolation flux, so condensate still has little effect on the repository and its
behavior need not be analyzed in detail.

* If infiltration is insufficient to remove the heat load, the dominant heat transfer
mechanism near the repository is countercurrent flow of vapor and water. The
repository disk attains a reasonably uniform, stable temperature. This temperature
is below the boiling point, but very close to it.

The analytical solution described up to this point assumes that the repository behaves
uniformly. But at Yucca Mountain, there is much evidence that water flows
preferentially through certain flow paths. This evidence includes the obviously great
variability of fracture and matrix properties as well as the detection at certain locations
of water that has flowed from the surface to repository depth within a few decades. We
call this unevenly distributed flow of water "focused flow". As Appendix D shows, the
repository heat transfer system may be unstable, magnifying the effect of natural flow
inhomogeneities and creating distinct hot and cool zones. In the cool zones,
temperatures are substantially below the boiling point, allowing the upward flow of
dry air components. This relieves the pressure drop across the repository disk and
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allows the hotter portions of the repository to heat up above the boiling point without
blocking mountain-scale convective gas flow.

4.2 IMARC-4 modeling approach

The analysis presented in the last section is the basis for the simplified model of heat
transfer and thermally driven water flow that is employed in LMARC4. The direct
linear relationship between condensate flux and heat flux under heat-pipe conditions
implies that the relationship between the heat output of the waste per unit area and the
natural percolation flux determines the temperature and water flux under thermal
conditions. If the condensate flux that corresponds to the heat output is less than the
natural percolation rate, temperature will be appreciably below boiling. In this case,
conduction will be the main heat transfer mechanism, water percolation rates will take
on roughly their natural values, and the flow system can be analyzed without
consideration of thermal feedbacks.

On the other hand, where the heat output is sufficient to generate a condensate flux that
exceeds the natural percolation rate, temperatures are likely to rise to near boiling or
above it, and condensate will be an important source of flowing water. In this case, the
existence of focused water flow will affect temperature as well as water movement. The
system is unstable because the feedback of temperature, gas flow, and water flow
magnifies spatial temperature differences and divides the repository into "hot" zones
where gas flow is blocked and "cool" zones where temperature is held below boiling
and gas is able to flow upward. To analyze this case, it is essential to estimate the
relative sizes of the hot and cool zones.

DOE has treated focused flow by stochastic modeling techniques that treat the
hydraulic properties of the rock as spatial random processes and solve flow equations
for multiple realizations of the inhomogeneous system. We apply the results of this
work to estimate the size of the hot and cool zones of the repository without
incorporating all of the complexity of these models into our calculations.

4.2.1 Temperature Histories

The DOE stochastic modeling also gives a range of temperature histories observed in
different parts of the repository. We address the variability of temperature by defining
four temperature curves that span the range of temperatures that will be encountered in
the repository and correspond to the distinct hot and cool zones identified by our
analytical solution. These curves are shown in Figure 4-2. When analyzing different
cases in which parameters such as infiltration rate or heat load are varied, the four
curves are not altered but the number of packages that follow each curve changes. The
temperature curves are largely based on thermohydraulic temperature simulations
reported by Wilson [1998a]. Curves a, ji, and ywere developed by drawing lines along
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the modeling results presented by Wilson. Curve 8 is used only for the repository
ventilation alternative, and was developed by extrapolating calculations by Danko
[19971 to longer times.
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Figure 4-2
Curves of waste package temperature versus time used In IMARC-4

4.2.2 'Cool' and 'Hot' Zones

Because the repository is divided into hot and cool zones, the distribution of water flow
is closely tied to the variability of temperature. Wilson [1998a] found that the
temperature of some waste packages, represented by curve tin Figure 4-2, declines
below boiling a few hundred years after emplacement. These packages are located in
places where there is greater percolation due to the variability in stratigraphy and
surficial infiltration (conductive cooling at the edge of the repository is a minor effect at
times a few hundred years after emplacement when they curve diverges from the
others), and their temperature is held down by evaporation of percolating water. At the
lowest modeled infiltration rate, 10 mm/yr, the fraction of packages following curve y
was 20% [Wilson, 1998a and M.L. Wilson, unpublished data]. When the infiltration rate
increased to 30 mm/yr, the fraction following curve y increased only slightly, to 30%,
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but for an infiltration rate of 90 mm/yr, all packages followed Curve y. These three
values are shown graphically on Figure 4-3.
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Figure 4-3
Fraction of waste packages in the "cool area, as a function of repository-average
Infiltration rate.

Wilson's results are understandable in terms of our conceptual model and Figure 4-1.
The amount of water percolating past waste packages is the sum of infiltration and
condensate reflux. At low infiltration rates, condensate is the main source of
percolation, and tripling the infiltration from 10 to 30 mm/yr increases the total rate of
percolation only modestly. A second tripling of infiltration, from 30 to 90 mm/yr,
brings the infiltration flux above the condensate flux and cools the repository. As the
infiltration rate increases, percolation in the hot zones becomes large enough to exceed
the threshold flux corresponding to the heat output. Since percolation is not uniform,
this is a gradational change, with the cool zone gradually expanding as a function of
increasing infiltration.

This interpretation is represented graphically on Figure 4-3. A horizontal line,
representing a constant fraction of 20%, is drawn through the point at 10 mm/yr. A
second straight line corresponding to a fraction that increases with increasing
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infiltration is drawn through the two points at 30 and 90 mm/yr. The two lines
intersect at an infiltration rate of approximately 22 mm/yr. If the percolation rate is
below this value, percolating water is mostly condensate at the time Curve y falls below
boiling; if it exceeds 22 mm/yr, percolation is approximately equal to infiltration at this
time.

We conclude that the total flux during the thermal period is around 22 mm/yr. In the
modeling, we round this off to 20 mm/yr. Since our range of estimates for infiltration is
from 1.3 to 9.6 mm/yr, this means that the condensate flux is between 10.4 and
18.7 mm/yr. These values can be compared with DOE modeling results [Hardin, 1998,
Table 3-14] which estimate the condensate flux as 19 mm/yr at 500 years after
emplacement and 13 mm/yr at 1000 yr. The agreement is quite good, considering that
the analytical model is steady-state while the simulations involve a heat source that
changes with time.

The condensate flux of 10A mm/yr corresponds on Figure 4-1 to a thermal flux of about
3 kW/acre. This is equal [Francis, 19981 to the heat output at 1500 yr, the middle of the
thermal period, divided by the repository area of 823 acres. Thus our analytical
solution correctly predicts the relationship between the heat output and the condensate
flux.

The next step in the analysis is to determine how much water flows through the hot and
cool zones. While it is clear that flow at Yucca Mountain is non-uniform, the degree of
inhomogeneity is not fully understood. We abstract the uncertainties about rock
properties and water flow into two cases: "weak" and "strong" focusing. These two
cases represent alternative conceptual models of how water flows at Yucca Mountain.
In the strong focusing case, most percolating water passes through a relatively small
proportion of the repository cross-section. With weak focusing, ground-water flow is
still somewhat localized, but less so than in the "strong" case. In each case, we define a
"flow focusing factor" which is the ratio of the percolation flux in the wetter area to the
repository-wide average percolation rate.

Assuming that the 20% of the packages that are "cool" in Wilson's simulations even at
an infiltration rate of 10 mm/yr correspond to the area of focused flow, the wetter area
is one-fifth of the total repository. Since Wilson's results were based on a direct
thermohydraulic simulation rather than any assumption about flow focusing, the size of
the wetter area is the same whether strong or weak focusing is what really occurs.
Where the two models differ is that with weak focusing the wetter area is not as wet
and the drier area not as dry. We take strong focusing to be the limiting case in which
nearly all of the condensate reflux flows through the wet area, making the flow focusing
factor 5. In the weak focusing case, the flow focusing factor was assigned a value of 2,
representing a lesser degree of focusing but not completely uniform flow.
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4.2.3 Percolation rates

To find the number of wet packages, we must first determine the water percolation rate.
This rate is variable, depending on time and place. As described above, LMARC
represents the spatial variability by dividing the repository into two zones, one where
focused flow occurs and a second zone consisting of the remainder of the repository
area.

To describe temporal change, we divide the repository lifetime into three periods: (i) the
thermal period, 0-3000 years, during which the thermally mobilized water flux is
greater than infiltration, (ii) the current-climate period, 3000-25,000 years, during which
percolation reflects the present infiltration, and (iii) the glacial-climate period, after
25,000 years. Three thousand years is the time at which the heat output of the waste
falls below the value (shown as a dotted line on Figure 4-1) for which condensate reflux
is less than average infiltration. Twenty-five thousand years is the time when the
climate model in Chapters 2 and 3 predicts a sudden large increase in infiltration.

The spatial average percolation rate is 20 mm/yr during the thermal period reflecting
the dominance of condensate reflux over natural percolation during this period. At
later times, condensate reflux is negligible and the average percolation rate is equal to
the infiltration rate. The infiltration rate comes from the model described in Chapter 3.
This variable has three alternative values to reflect uncertainties about near-surface
processes, and each value changes when the system enters the glacial time period. All
values of spatially averaged percolation rate are listed in Table 4-1 (taken from Table
3-2).

Table 4-1
Average Percolation Rate (mnlyr)

Time Period Low Baseline High

Thermal 20 20 20

Current 1.1 7.2 9.6

Glacial 6.8 19.6 35.4

Next, the average percolation rates are used to determine the local flow rates in the cool
and hot zones, which are better referred to as zones of focused and defocused flow. The
percolation rate in the focused-flow zone is equal to the average percolation rate
multiplied by the flow focusing factor. The remaining water goes through the
defocused-flow zone; the flux in this zone can be determined by a simple water balance.
In the strong focusing case, the percolation through the defocused-flow zone is
negligible at all times. In the weak-focusing case, the defocused-flow zone carries 60%
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of the percolation through 80% of the repository area, and therefore percolation in this
zone is equal to 75% of the spatial average and consequently varies over time as the
total percolation rate changes.

The local percolation rates that result from this calculation are listed in Table 4-2.

Table 4-2
Local Percolation Rate (mmfyr)

Strong Focusing Weak Focusing

f Low Base High I Low Base High

De-Focused Thermal 0 0 0 15 15 15

Flow Zone Current 0 0 0 1 5.4 7.2

Glacial 0 0 0 5.1 15 27

Focused Thenral 100 100 100 40 40 40
Flow Zone Current 5.5 36 48 2.6 19 19

Glacial 34 98 177 14 39 71

4.3 Number of wet packages - baseline design alternative

The baseline repository design alternative (no ventilation, no backfill) corresponds to
the simulations described by Wilson [1998a] that are discussed above. As we have
already used these simulations to determine the size of the focused-flow zone, waste
package temperature during the thermal period is directly related to whether a package
is in this zone. Within the focused-flow zone, the percolation rate 40 or 100 mm/yr
becomes larger after a few hundred years than the flux required to carry away the
entire heat output of the repository as latent heat. The temperature of packages in this
zone falls below boiling once this occurs. Packages in this zone follow temperature
curve y and are referred to as "cool". The remaining packages are referred to as "hot".
In the strong focusing case, so little water flows through the zone of de-focused flow
that the temperature there remains above the boiling point throughout the thermal
period. In this case, the packages in this zone follow temperature curve a. In the weak
focusing case, percolation flux outside the zone of focused flow is estimated at
15 mm/yr. After a few hundred years, the output of decay heat falls close to the value
of 5 kW/acre that corresponds to this percolation flux. As a result, temperatures are
held close to boiling, and the hot packages follow temperature curve j in this case.

4-11



NEAR-FIELD CONDITIONS

At the baseline infiltration rate, and at infiltration rates up to about 22 mm/yr, there are
always 20% cool and 80% hot packages. For higher infiltration rates, the analysis
predicts that the percentage of cold packages will increase as shown in Figure 4-3;
however, the infiltration rates used in this study exceed 22 mm/yr only under glacial
conditions and even then only slightly, so this dependence was ignored in the
modeling. In all cases, it was assumed that 20% of the packages are in the cool zone and
80% are in the hot zone. The cool packages follow temperature curve - the hot
packages all follow curve a if there is strong flow focusing and all follow curve 3 if
there is weak focusing.

Within each group of packages, some packages will be wet and some will be dry.
Conceptually, we imagine that infiltrating water drips from the hanging wall of the
repository drift at discrete points. These drip points are randomly located; their
frequency depends on the percolation rate. If a package is located under one or more of
the drip points, it will be wet; otherwise, it will be dry.

The probability that a package will be located under one or more drip points, as a
function of the local percolation rate, was calculated by Wilson [1998b]. Wilson's results
were based on a computer model of water flow in the unsaturated fracture network,
which was calibrated against drips that were observed in the ESF niche tests at Yucca
Mountain. The wet fractions used in IMARC Phase 3 were estimates based heavily on
engineering judgement; so these are abandoned and replaced with numbers derived
from Wilson's work. Wilson gives a curve (shown here as Figure 4-4) of probability that
a package will be wet versus local percolation rate.'

The fraction of wet packages is determined by taking the percolation rates given in
Table 4-2 and reading the corresponding seepage fractions off Figure 4-4. The results
are given in Table 4-3. The values were rounded off; in particular, a seepage fraction of
0.4 was always assigned in focused-flow zone during the thermal period, even though

'The TSPA-VA uses an "adjusted" curve, which represents a repository-wide probability that a
package will be wet [Wilson, 1998a]. The "adjusted" curve represents the wet fraction as a function of
average percolation and was derived from the curve we are using as Figure 4-4 by increasing the wet
fraction at low percolation rates to reflect the existence of localized areas where the percolation rate will
exceed the repository average [Wilson, 1998b]. In IMARC-4, spatial inhomogeneity of percolation is
included explicitly via the flow focusing factors; therefore it is more appropriate to use Wilson's
"unadjusted" curve.

The original figure presented by Wilson gave a standard deviation of seepage fraction as well as the
mean value which is reproduced in Figure 4-4. Wilson's standard deviation represented the variability
among realizations of the relatively small system he modeled. The repository is large enough that it will
sample many realizations of the random process, so the repository-wide seepage fraction would be
expected to fall close to the mean value calculated by Wilson (assuming all of his other assumptions to
be true).
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the values corresponding to the percolation rates in Table 4-2 vary from 0.33 to 0.46.
This was done to simplify the modeling.
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Figure 4-4
Fraction of waste packages that will be wet, as a function of local percolation rate
[from Wilson 1998b].
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Table 4-3
Fractions of Waste Packages that Are Wet

Strong Focusing Weak Focusing

Low Base High Low Base High

De-Focuse Thermal 0 0 0 0.2 0.2 0.2
Flow Zone Current 0 0 0 0 0 0

('h o t') _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Glacial 0 0 0 0 0.1 0.2

Focused Thermal 0.4 0.4 0.4 0.4 0.4 0.4
Flow Zone Current 0 0.35 0.35 0 0.2 0.2

('cool')

Glacial 0.3 0.5 0.6 0.1 0.35 0.4

Note: fractions wet indicated are fractions wet within each zone. For example, the fraction of cool (i.e.,
'focused flow zone'), wet packages in the glacial, strong focusing, high infiltration case is 0.6 x 0.2 = 0.12,
where 0.2 is the fraction of the total repository area assumed to be in the 'focused flow zone' or 'cool'
zone. Thus, the cases with the highest proportion of the total repository area with wet containers is for
weak focusing during the thermal period where the fraction wet is (0.2 x 0.8 [defocused zone fractional
area] + (0.4 x 0.2 [focused zone fractional area]) = 0.24.

Note that the reflux event", a relatively brief period of high percolation that was part of the IMARC-3
model [EPRI, 1996], is omitted here. The present model presumes that condensate drains quickly
downward and either evaporates or passes through the repository; there is no accumulation of liquid water
above the repository horizon. This interpretation is adopted because rapid downward drainage through
fractures is observed at Yucca Mountain even at current infiltration rates; if more liquid water were added
by vapor condensation; it too would presumably drain rapidly.

4.4 Number of wet packages - ventilation design alternative

To model a repository design based on natural ventilation, we assume that ventilation
maintains dry conditions in most of the repository for 25,000 years. The time after
which ventilation will no longer remove enough water to keep waste packages dry is
not currently known, but consideration of the decline in repository heat output over
time suggests that the most likely times are in the range of 10,000 to 50,000 years. Our
infiltration model includes a sudden and large increase in percolation at 25,000 years; it
seems reasonable to think that at this point ventilation will no longer be able to remove
the increased water load. This choice also simplifies the model by changing both the
infiltration rate and the number of wet packages at the same time.

We assume that 90% of waste packages follow temperature curve B. The remaining 10%
of the packages are located where rockfalls have blocked the air circulation; these follow
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curve y. This curve rather than a or j is chosen because ventilation through unblocked
drifts will still have an effect in removing heat from the repository.

For the first 25,000 years, all packages that follow curve 8 are dry because ventilation is
removing water sufficiently to dry out the surrounding rock. As for the y packages,
they are located in areas where percolation is equal to the "current" values for the
baseline alternative. (Unlike the baseline alternative, when there is ventilation
percolation is not enhanced by condensate. With lower temperatures everywhere, the
condensate flux is less than the infiltration.) Consequently, the same fraction of
packages will be wet as in the current-infiltration period for the baseline alternative.
Assuming that rockfalls are located randomly, 20% of the packages following curve y
will be located in the focused-flow zone. Multiplying the "current-conditions" wet
fractions for the focused-flow zone in Table 4-3 by 0.2 gives the wet fractions for the
10% of packages that follow curve y. For the baseline and high infiltration rates, we
have:

Strong focusing - 0.07

Weak focusing - 0.04

For the low infiltration rate, all packages are dry. Since all the wet packages are in the
area of focused flow, we apply flow focusing factors of 5 and 2, for strong and weak
focusing respectively.

After 25,000 years, ventilation ceases to affect water movement, and all parameters take
the same values as in the baseline alternative.
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WASTE PACKAGE PERFORMANCE (D. W. SHOESMITH

AND M. KOLAR)

5.1 Introduction

Any total system performance assessment (TSPA) of the emplacement of waste in the
Yucca Mountain (YM) repository requires a model to predict the performance of the
waste package. A number of waste package designs exist to contain the various
wasteforms for which disposal must be considered. Although alternatives are under
consideration, the present reference design employs a dual wall arrangement in which a
2 cm-thick alloy C-22 inner barrier is encapsulated within a 10 cm-thick mild steel outer
barrier. It is felt that this arrangement will give considerable containment lifetimes
since no common mode failure exists for the two barriers.

The corrosion performance of the waste package will be determined by the exposure
environment established within the emplacement drifts. The key feature of the YM
repository in controlling waste package degradation processes is expected to be the
availability of water and its control by the temperature of the waste package. These
features will determine the nature of the corrosion processes that can be sustained on
the waste package. Since the percolation of water through the unsaturated rock zone
above the repository and, consequently, its seepage flux into the emplacement drift will
vary across the repository footprint, the waste package corrosion performance will
vary, not only with package design but also with location.

In this section, a model is presented to predict the corrosion failure times for this design
of waste package. The model is quite different from that presented in IMARC 3 [Bullen,
1996]. This reflects the improved understanding of both the repository environment
and the type and rate of anticipated corrosion processes since the publication of IMARC
Phase 3 (IMARC-3). For instance, in the interim the reference material for the inner
barrier corrosion resistant material (CRM) has changed from Alloy 825 to Alloy C-22.

5.1.1 Changes In Waste Package Performance Modeling Since IMARC 3

A number of significant changes in modeling waste package corrosion processes have
been undertaken since the publication of IMARC 3. In that report, the uncertainties in
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corrosion rates for various materials exposed to the different environments were
expressed in a series of Weibull distributions. This required the arbitrary establishment
of the parameters that control the shape of the distribution, especially the threshold
time to failure (i.e., the lower limit of barrier lifetime). In the model presented here, the
uncertainties incorporated into the model express those inherent in the corrosion data
used, to the extent that it is known, and those expressed in the expert elicitation process
recently conducted by the USDOE (the WPDEE process [WPDEE 1998]). While this last
process cannot be considered any less arbitrary than that based on Weibull
distributions, it more closely represents current opinion on the corrosion rates,
especially for the C-22 inner barrier material.

The model for carbon steel, the outer barrier corrosion allowance material (CAM) has
been changed to reflect the availability of a much more extensive database of corrosion
rates. In IMARC 3 the corrosion of carbon steel as a function of temperature and the
humidity used the analysis of McCoy et al. [1995], a model based on a very limited
amount of corrosion data. The more recent approach of Lee and Atkins [1995], based on
a compilation of data recorded in rural, urban and industrial sites, and transformed to
exclude periods of exposure when corrosion was not occurring, was adopted as the
bases for the present model.

A reevaluation of the importance of microbially-influenced corrosion (MIC), and the
influence of radiolytic corrosion have also been considered. In IMARC 3, the influence
of MIC was included in the form of an MIC factor to multiply the general corrosion rate.
This approach has been retained, but a reevaluation of the MIC factors adopted was
undertaken. Radiolytic corrosion was not considered in IMARC 3. In the model
presented here, a term to account for this effect has been incorporated. This term is
based on a review of the sparse information available on radiolytic corrosion effects in
humid air and takes into account the decay of radiation fields with time.

A justifiable fear with carbon steel is that, when subjected to drips, the accumulation of
corrosion product deposits will offer no corrosion protection over extended exposure
periods. Through a sequence of wetting/drying cycles enforced by dripping, it is
feared that the steel will corrode rapidly when wet, and that the corrosion product
deposit which accumulates will crack during the subsequent drying period, thereby
offering no protection against rapid corrosion during the subsequent wet period. A
first attempt to incorporate such a process has been undertaken, although further more
sophisticated developments are desirable.

The model used to determine corrosion failure times for the inner barrier corrosion
resistant material (C-22; the CRM) is based directly on the opinions expressed during
the recent WPDEE process [WPDEE, 1998]. With regard to both the general passive and
the localized corrosion processes, no total consensus of opinion was achieved at the
conclusion of this review. Consequently, both the approach and the data used in the
model described in this report reflect our personal interpretation and opinion based
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upon this procedure. The influence of water, trapped within the package on sealing, on
the corrosion of the inside of the C-22 inner barrier is expected to be minor and is not
included. In keeping with the options expressed in the WPDEE process, galvanic
cupping has been ignored.

No model for fuel cladding is included. In present USDOE thinking cladding is more
correctly considered as part of the waste form. That aside, its behavior is not well
characterized. Given this state of knowledge it is debatable whether any justifiable
credit can be taken for cladding acting as a barrier. Finally, the model used in IMARC 3
to deal with packages already failed on emplacement or which fail prematurely due to
the presence of a manufacturing defect is retained. However, given that only 1, and at
most 2, containers are expected to fail in this manner it would be just as appropriate to
arbitrarily fail one container on emplacement (t=0) and a second after an arbitrary delay
time of 500 years (say). These failures are unlikely to represent major breaches on the
waste package. The most likely site of failure is the final closure weld, a site which will
be carefully inspected before finally accepting the package for emplacement in the
repository. Voids or weld faults which escape inspection before emplacement are likely
to be vary small; < 1mm in cross-sectional dimension. Thus, Maak and Moles [19861
have clamed that defects as small as 0.127mm in width can be detected in diffusion
bonds in titanium.

5.1.2 Establishment of General Modeling Features

Any model to predict waste package degradation must be compatible with models
developed for, (a) the flow of water in the unsaturated zone above the waste
emplacement drift, (b) the water seepage flux into the drift, (c) the local thermal
hydrology, and (d) the chemical modification of groundwater entering the drift. The
connection of waste package degradation models to the thermal hydrology and seepage
flux models has proven to be a task fraught with uncertainty. Despite these difficulties
it is possible to develop a corrosion scenario based primarily on the calculated profiles
for waste package temperature and drift relative humidity with time.

Depending on the thermal loading of the repository (the present design is for
85 MTU/acre), a dryout zone will initially develop around the repository drift.
Eventually, as waste packages cool, this zone will shrink and water will return to the
drift. The time when moisture (then water) returns, and hence the duration of the
dryout period, will be dependent on the kind of waste package, its location within the
repository and with respect to other waste packages, and the local thermal hydrological
conditions at the emplacement site. The mode of water return will have a major
influence on the nature and the rate of corrosion processes subsequently occurring on
the waste package.

If the package is not subject to seepage drips then, as the temperature falls and the
relative humidity (RH) rises, the conditions for first, humid air corrosion (HAC) and,
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subsequently, general aqueous corrosion (AQC) will be established. Since no direct
access of ground water to the container occurs under these conditions, the exposure
environment will be dilute and incapable of establishing the conditions required for
localized corrosion processes. Based on a review of available literature, and a series of
computations based on a fit to the corrosion rate data unearthed, the following criteria
were specified for the general corrosion of carbon steel [Lee and Atkins, 1995]:

1. For RH < 70%/6, the waste package is considered dry, and corrosion will occur very
slowly via a dry air oxidation process;

2. If RH > 70%, then it has been demonstrated that the metal will become covered with
a "thin" film of water and will be subject to HAC;

3. Once RH > 90%, the conditions required for AQC will be established.

Figure 5-1 illustrates these criteria on a plot of calculated RH as a function of time for a
package with the temperature-time profile shown in Figure 5-2. The evolution of the
corrosion process from dry to aqueous is illustrated on Figure 5-2. The location on the
time axis, and the duration of each of these corrosion periods, will vary with thermal
hydrologic conditions. The range of variability which can be expected is illustrated in
Figure 5-3. For the plots shown in Figure 5-3, the dryout period could endure
approximately 100 to 300 years, and the onset of aqueous corrosion could be delayed
approximately 100 to 1000 years. For these conditions, we would anticipate that
corrosion of the outer barrier carbon steel would be relatively slow, and long corrosion
lifetimes would be anticipated.

1.0 -9 -9
4- Threshold for onset

0.8 of aqueous corrosioa

/ Threshold for onset
Relative 0.6 of humid air

Humidity corrosion
(WP Surface) 0.4

0.2

0 -A -J

100 10l lo2 l0o 104 i 5 106

Exposure Time (years)

Figure 5-1
An example of the calculated relative humidity (RH) at the waste package surface
as a function of exposure time in the repository. The criteria for the onset of humid
air corrosion and aqueous corrosion are indicated.
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Figure 5-2
The calculated temperature at the waste package surface (T) (corresponding to the
RH In Figure 1). The time periods when dry oxidation, humid air corrosion (HAC),
and aqueous corrosion (AQC) prevail are Indicated.
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Figure 5-3
Anticipated range of temperature-exposure time curves for the NE region of the
Yucca Mountain Repository; TCC Is the threshold temperature below which crevice
corrosion cannot occur; TACQ Is the temperature for the onset of aqueous
corrosion (AQC).
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For waste packages subject to seepage drips, the range of potential corrosion processes
is much more extensive. While the groundwater at the Yucca Mountain site will be
relatively benign (it is generally assumed close in composition to J-13 well water, Table
5-1) its composition will be modified by a wide range of influences. Since the influence
of heat on water movement outside the drift is substantial, there is potential for
modification of groundwater composition prior to its entry into the drift.

Table 5-1
Composition of J-13 Well Water

Composition of J-13 Well Water

PH 7.41
Na 45.80 mg/I

Si 28.5

Ca 13.0

K 5.04

Mg 2.01

F 2.18

CI 7.14

NO3 8.78

s04 18.4

HCO3 128.9

However, the major influences on ground water composition, and hence on the
corrosion of waste package materials, are likely to occur on entry of water into the drift.
These include the following:

A sequence of wetting/drying cycles when water contacts the hot waste package
could lead to the formation of saline deposits which, when wet, could produce
aggressive solutions on both carbon steel and, eventually, the inner barrier C-22.
These solutions could be extremely saline but will also contain anions such as SO42-

and NO3 - expected to mollify the corrosive influence of Cr. The WPDEE process
[WPDEE 1998] placed the probability of establishing the required aggressive
environment at a site on the package, and then initiating a crevice at that site, at a
low value in the region of 0.005.

• While MIC is expected to be limited by the lack of availability of nutrients in the
absence of seepage, the presence of drips could sustain MIC by supplying fresh
nutrients.
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The seepage of groundwater through concrete prior to contact with the waste
package could produce alkaline conditions at the carbon steel surface leading to its
passivation and the onset of pitting.

Persistent wetting/drying cycles at the same location on the carbon steel surface
could lead to spalling and rapid corrosion when the surface is wet and unprotected
by corrosion product deposits.

Eventual failure of the carbon steel at drip sites could lead to the formation of
aggressive acidified ferric chloride solutions at creviced sites on the surface of the C-
22 inner barrier. Much discussion of this issue occurred during the WPDEE process
[WPDEE 1998]. It was agreed that, while unlikely for many reasons, solutions
sufficiently aggressive to cause the initiation of crevice corrosion on C-22 could
develop. It was argued that the worst possible environment that could develop
would be dose to saturation in Cl- with an - 0.1 wt% Fe mq content (pH - 2.5). This
environment was considered the limiting extreme, since the coexistence of Fe'
species and anions such as SO4

2 and NO3- would reduce the oxidizing ability and
corrosiveness. The discussion of this issue is documented in WPDEE [1998].

Clearly, more rapid failure of the outer barrier carbon steel and, hence, earlier exposure
of the inner barrier C-22 is anticipated in the presence of seepage drips. Also, once
exposed, the C-22 will be subject to much more corrosive conditions. Unfortunately, the
database to determine the subsequent corrosion behavior of the C-22 is very sparse. On
the basis of what is available it is, however, possible to establish a criterion for the
susceptibility of C-22 to crevice corrosion, the most likely localized corrosion process.
Critical crevice corrosion (and pitting) temperatures have been measured for a series of
alloys, including C-22, in a solution with a composition remarkably close to that
anticipated to be the extreme repository condition (above) [Haynes 1987a]. These
critical values, listed in Table 5-2, are the temperatures below which pitting or crevice
corrosion should not initiate in that environment.

Table 5-2
Critical Pitting (Tp) and Critical Crevice Corrosion (TO Temperatures Measures In
4% NaCi + 0.1%Fe. (SOJ + 0.01 mol U;' HCI (24,300 pug g'; pH = 2) [Haynes 1987a]

Alloy Tp (IC) TCC (OC)

C-22 > 150 102
C-276 150 80

625 90 50
825 25 c-5

316SS 20 _-5
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We can use this information', in conjunction with the calculated waste package
temperature - time plots, to establish modeling criteria for crevice corrosion on the C-22
inner barrier, and to define the corrosion performance desirable from the outer carbon
steel barrier. If the two C alloys are considered together, then it can be concluded that
crevice corrosion of the inner barrier will not initiate if T< 80'C by the time the CRM is
exposed to aggressive conditions. More specifically, it could be daimed that the
probability of initiation (P.) is 1 for T 1000C and 0 for T 80'C. In the model developed
below, T = 800C is accepted as an absolute threshold value; i.e. P, = 1 for T 800C and
P. = 0 for T < 800C. Given the results in Table 5-2, such a criterion for initiation can be
considered conservative for C-22.

Implicit in the acceptance of this threshold is a performance requirement for the outer
barrier carbon steel. If failure of the carbon steel does not occur until T < 801C, then
crevice corrosion will not initiate on C-22, and long lifetimes would be anticipated for
the waste package since the inner barrier would corrode only by a slow general passive
process. Figure 5-3, which shows the anticipated range of temperature - time curves for
one region of the repository2, illustrates the point. From this figure, one can appreciate
that the lifetime of the carbon steel barrier must exceed only -200 years for cooler waste
packages, but -6000 years for the hotter packages, if crevice corrosion of C-22 is to be
avoided.

Two other criteria can be established which place rational bounds on the corrosion
performance required from the outer barrier carbon steel. Significant corrosion of the
carbon steel will not commence until conditions capable of supporting humid air
corrosion (HAC)(T<100'CS, Figure 5-2), are established. The period of time for which
the corrosion performance of the carbon steel is critical can then be defined by the
difference between the time of onset of HAC or AQC and the time for which the
temperature falls below the threshold for initiation of crevice corrosion (TJ) on the C-22
inner barrier. On the basis of this kind of rationale, it becomes clear that the critical
waste package feature in determining whether long term containment is feasible is the
temperature-time curve. Of particular importance is the -time spent in the range TAQC
(THAc) to Tcx, and any repository feature which accelerates the rate of cooling between
these two temperatures should be beneficial. While it would be simplistic to claim that

I Implicit in this statement is our acceptance that these values are indisputable.

2 These profiles are for the NE region [Gdowski and Gansemer [LLNL], privite comunication], one of
six defined repository regions. While the distribution of T-t profiles will vary according to the region
chosen, the profiles shown are sufficient for illustrative purposes.

3 Recent, so far unpublished, chemical code calculations [Gdowski] suggest T < 105'C may be more
appropriate, due to chemical concentration effects caused by wet/dry cycles. This makes only a
minor difference to the semi-quantitative analysis presented in this section.
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this is the only feature by which the adoption of specific repository engineering options
should be judged, it is clearly an important one.

Based on these considerations a flow chart for waste package degradation can be
established, Figure 5-4.

Figure 5-4
Flow chart for waste package degradation under Yucca Mountain conditions.

5.2 Procedures For Modeling Specific Corrosion Processes

5.2.1 Microblally - Influenced Corrosion (MIC)

The following discussion relies heavily on the opinions of Little recently expressed
during the WPDEE process [WPDEE 19981.

The potential for MIC is directly related to microbial growth, which is controlled by the
availability of nutrients, water and electron acceptors. The absence of any one of these
will preclude microbial growth and, therefore, MIC. MIC does not produce a unique
form of localized corrosion. Its principal effect under aerobic conditions is to increase
the probability that localized corrosion will be initiated, rather than to affect the rate of
corrosion once it has begun; i.e., the rate of pit/crevice propagation is not governed by
the presence of microorganisms. Unfortunately, there is no evidence to suggest that
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microbial activity will be blocked by the accumulation of corrosion product deposits,
providing such deposits are capable of retaining sufficient water.

On the basis of this very brief synopsis, one would conclude that it is feasible that MIC
could occur once condensation of water begins on the waste package and aqueous
corrosion becomes possible. According to Little, the maximum influence on carbon
steel corrosion rate, measured in the presence of an unlimited supply of nutrients, is a
factor of 3 to 5. However, in the absence of seepage drips it is likely that the extent of
the process will be limited by the lack of a continuous supply of nutrients. This is
acknowledged by Little, who considers the probability of microbial effects to be very
low in the absence of drips. In the presence of seepage drips it is feasible that a steady
supply of nutrients could be maintained. However, if dripping raises the pH, thereby
rendering the carbon steel passive and susceptible to pitting, the primary microbial
influence is likely to be on pit initiation not propagation. It is reasonable, then, to
consider that microbial effects are implicitly included in the pitting growth law adopted
in our analysis, since it was based on pitting data recorded in microbially - active
shallow soils. In our calculations we have chosen to adopt a microbial enhancement
factor of 3. Based on the above discussion we consider this a reasonably conservative
value.

One final point worth making is that carbon steel corrosion is likely to occur
predominantly in a temperature regime hostile to microbes (i.e. for T>80'C). While this
does not preclude the influence of microbes which can survive and grow at these
temperatures, it makes it reasonable to conclude that, for hot drip/dry conditions, MIC
is unlikely to lead to major enhancements in carbon steel corrosion rates.

For Ni-Cr-Mo alloys, MIC is not observed [Dexter. 1996], although a claim of immunity
would be rash. Even so, the influence of microbes would be as an initiator not a force
for propagation. Given that ennoblement due to microbial influences can generally
raise the corrosion potential only to 0.4 to 0.5 V (vs SCE)[Littel and Mansfeld 19951, and
the breakdown/repassivation potentials for C-22 appear to be much more positive
[Farmer 1998, Gruss et al. 1998], it is reasonable to assume MIC will not be a significant
degradation mechanism on C-22.

5.2.2 Radiolytically - Influenced Corrosion

The influence of a gamma radiation field on waste package corrosion will differ
depending on whether the environment is dry, humid or wet. In the low humidity
regime (RH < 70%), surface oxidation of the metal package will occur by direct
interaction with gaseous species, and the very low concentration of gaseous radiolytic
oxidants would not be expected to exert a significant influence on an already slow
process. For the intermediate humidity regime (70 < RH < 90%), a very thin surface
layer of water exists on the metal surface, leading to significantly higher corrosion rates.
There is also a much greater likelihood that the rate will be influenced by trace
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constituents in the gas phase which can be concentrated in this thin water layer. For
these conditions, the radiolysis of dissolved air could lead to the fixation of N and the
formation of acidic conditions (HN03 ). Within the confined volume of the thin water
layer significant acidity could be generated. In the high humidity regime ( 90%), the
corrosion behavior will be that expected in bulk aqueous systems. Radiolysis would
still be a factor, but the concentrations of aggressive species (radiolytic oxidants and
acidity) would be diluted by the larger volumes of available water.

For the waste package, the biggest influence of radiolytic corrosion would be
anticipated in the intermediate humidity regime, providing such conditions can be
established while gamma radiation fields remain significant. The estimated dose rate at
the surface of the waste package (assuming the reference design and 10 year cooled
fuel) will be - 120 R/h (1.2 Gy/h) [Pasupathi, private communication, 1998]. The half
life for gamma radiation (based on that for the predominant gamma emitter in the
wasteform, "3Cs) is - 30 years, from which the dose rate can be estimated to be - 7.5
R/h (120 years), - 0.5 R/h (240 years) and - 0.03 R/h (360 years).

Unfortunately, the influence of gamma radiation on carbon steel corrosion has only
been studied under fully immersed aqueous corrosion conditions, but for humid and
dry conditions a general perspective on the influence of gamma radiation can be gained
by reviewing the studies performed on copper, a "similar" corrosion allowance
material.

For carbon steel exposed to granitic waters (i.e., low in Cl and not dissimilar in
composition to J-13 well water), a gamma dose rate of 105 R/h increased the uniform
corrosion rate by a factor of - 30 [Marsh and Taylor 1988]. A series of tests in deaerated
simulated seawater (900C) (an environment similar to that which could exist after a
series of wetting/drying cycles) showed a clear dose rate effect, and a tendency to pit at
higher dose rates. For dose rates of 300, 3500, and 1.5 x 105 R/h, the corrosion rate
under unirradiated conditions was increased by factors of 1.5, 8 and 20, respectively.
Whether or not the factor of 1.5 at 300 R/h was real is debatable. Clearly, the
anticipated waste package dose rates of 120 R/h would be expected to exert only a
minimal influence on the aqueous corrosion process on carbon steel. Since the
conditions capable of supporting aqueous corrosion of carbon steel are only expected to
be established after a dry out period of - 500 to 2000 years, Figure 5-3, when the gamma
dose rate should be < 0.002 R/h, it is reasonable to assume that radiolytically - driven
aqueous corrosion will be negligible.

The process should be similarly negligible under humid vapor conditions which are not
expected for emplacement times less than 100 to 300 years when the gamma dose rate
will be < 7.5 R/h. Unfortunately, there is limited data for carbon steel to prove this
point. Some support can be obtained from data available for copper-based materials,
which could be expected to exhibit similar corrosion allowance behavior to carbon steel
under repository conditions.

5-11



-

WASTE PACKAGE PERFORMANCE (D. W. Shoesmith and M. Kolar)

Under low humidity conditions, Cu, 70 - 30 Cu/Ni and 7% Al bronze, exposed to 106
R/h, formed the array of corrosion products (Cu2O, and CuO on Cu2O) expected for
oxidation unaffected by any influence of radiolysis [Reed et al. 1990]. For more humid
conditions at 7 x 104 R/h, Reed and Van Konynenburg [19911 saw enhancement of
general corrosion and some pitting. At high humidity (RH - 100%), the corrosion
products were dominated by oxides as expected in the absence of irradiation. For lower
humidities (nominally > 15% but apparently higher), cupric nitrate (Cu2NO3 (OH)3) was
obtained as a corrosion product on 70-30 Cu/Ni and 7% Al-bronze, and some pitting
was observed. Unfortunately, no corrosion rates were given. However, for similar
dose rates, at 50-70% RH, Alexandrov [1987] found corrosion rates 100 times those in
the absence of irradiation. The specimens were covered with nitrates suggesting that
the radiolytic fixation of N leads to the formation of unprotective corrosion products
under humid vapor conditions.

For lower dose rates (- 104 R/h), there was clear evidence for N fixation in the gas
phase (N 2O, NO2/HNO 3), but nitrate corrosion products were not formed. Comparison
of corrosion rates in the presence of 104 R/h with available values in unirradiated
humid atmospheres showed only an enhancement factor of 1.5 due to radiation [Reed et
al. 1990]. Under fully immersed conditions at relatively low dose rates of ~ 500 R/h, no
deleterious effects of gamma radiation were observed. In fact, the rate of uniform
corrosion may have been lower [King et al. 1989] since more compact protective Cu2O
films appeared to form when radiation was present.

The marginal influence of irradiation observed at 10' R/h under conditions of
intermediate humidity, and the negligible influence at 500 R/h for aqueous conditions
suggest that repository dose rates < 120 R/h will exert a negligible effect on corrosion.
Even relatively short initial dry out periods will make radiolytically driven corrosion
even less likely. Unfortunately, the absence of data for carbon steel means this
argument is based on the undemonstrated analogy that, since both are corrosion
allowance materials, copper and carbon steel will behave similarly. While the specific
details of corrosion chemistry will clearly be very different, this assumption seems
reasonable with respect to the dose rate dependence of corrosion. Nevertheless, we
have judged it to be judicious to include some sensitivity calculations for the influence
of radiolytic corrosion.

Nickel-based alloys have been shown to be susceptible to pitting and crevice corrosion
in highly saline brines at 90'C [Smailos et al. 1986]. In magnesium-containing brines,
C-4 was slightly susceptible [i.e., pits and crevices initiated even at -100 R/h (for
T > 900C)[Smailos and Koster et al. 1988]. However, acidic brines can only form on the
C-22 inner barrier once failure of the carbon steel outer barrier has occurred, and saline
solutions have been produced by a series of wet/dry cycles. By then, radiation fields
will have decayed to well below the 100 R/h level and the radiolytic initiation of
localized corrosion on C-22 will not occur. Consequently, we have included no direct
influence of gamma radiation on the corrosion of C-22.
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5.2.3 General Corrosion Of Carbon Steel

The treatment of carbon steel follows closely that adopted for TSPA-95 [Lee and
Atkins 1995] and utilizes the same general database for corrosion rates used for humid
and immersed corrosion conditions. In TSPA-95, the review of available data and its
treatment (i.e., its abstraction based on weather fluctuations) was very thorough. It was
also shown that the model for carbon steel corrosion developed by McCoy [McCoy et
al. 1995], and adopted in IMARC-Phase 3, did not fully represent the expected
repository behavior.

As outlined above in the section on "Establishment of General Modeling Features", and
illustrated in Figure 5-3, three distinct regimes of corrosion can be envisaged;

1. a period of dry oxidation (RH<70%);

2. a period of humid air corrosion (70 < RH < 90%); and

3. a period of aqueous corrosion (RH > 90%).

The extent of carbon steel penetration by oxidation under dry conditions is expected to
be negligible and is ignored.

Humid Air Corrosion

For constant temperature, T(K), and constant relative humidity, h ( RH in %), the
experimental observations summarized and abstracted in TSPA-95 yielded the fit

do = exp ao* eXp(a 2h-'). exp(a3 T1). t" (eq. 5-1)

where dr is the depth of corrosion penetration (pm), t is exposure time (years) and ao to
a are the linear regression parameters obtained from the fit of equation (5-1) to the
available corrosion data. It should be noted that the dependence of dG on t results from
the decrease in corrosion rate as a corrosion product layer develops on the carbon steel
surface: this assumes that, over long periods of time, the corrosion product layer will
remain intact and able to suppress the corrosion rate. The values of the linear
regression parameters are,

ao = 16.9865 i 2.8736

a, = 0.6113 ± 0.0295

a2 = -893.76 i 231.04
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a3 = -833.53 ± 381.97

Differentiating equation (5-1), and eliminating t from the RHS, yields an expression for
corrosion rate,

ddG) = a, (dG), {xp(a0 + a2 h1f + a3T-) (eq. 5-2)
dt

The influence of both MIC and radiolysis can be incorporated into this equation by the
use of enhancement factors, fM and fL, respectively,

f(t) = fM {+ fRexp(-0.0231t)} (eq. 5-3)

where the exponential term acknowledges that the "half life" for radioactive decay is
30 years. The overall expression for the general corrosion rate is then given by

= f(t)a,(dG)W a exp -(aO +a2h(t)0 ' +a3T(t)-) (eq. 54)
dt f al aT~Y

in which it is acknowledged that the relative humidity (h) and the temperature (T) are
dependent on time (t). In calculations, it is assumed that the relationship between h and
T embodied in Figures 5-1 and 5-2 prevails. The temperature is described by an
analytical function obtained by fitting the T-t profiles used in calculations (see below).
The relative humidity (h) is given by a linear interpolation between 70% (when HAC
commences) and 90% (when AQC begins). This is a close approximation of the real
behavior, Figure 5-1. Based on the discussions above we have chosen to use a value of
f. = 3 and f. = 5. However, a sensitivity analysis for a range of values of f, is also
included.

Aqueous Corrosion

The derivation of an expression for corrosion rate proceeds in a similar manner based
on the fit to experimental observations given in TSPA-95 [Lee and Atkins 1995]; i.e.

dG = exp bo* exp(b 2 T1) - exp(b3 T2)* tbi (eq. 5-5)

where b0 to b3 are the linear regression parameters obtained from the fit of equation
(5-5). Proceeding as above, the term for the general corrosion rate under aqueous
conditions is given by
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d(dG,) _b 1 -1 (1 -12

dt f (t)(4G)Il I bo2b (bo T(t)- +b 3 T(t)2)J (eq. 5-6)

In the case of aqueous corrosion, the dependence on temperature is represented by two
terms to account for the observed maximum in corrosion rate which occurs around
600C. This maximum is generated by the opposing effects of the normal increase in
corrosion rate and the decrease in oxygen solubility as the temperature increases. Two
other points merit brief discussion. Firstly, the absence of an explicit dependence on h
acknowledges that, for aqueous conditions, the relative humidity is 100%, Figure 5-1.
Secondly, when aqueous corrosion follows a period of humid air corrosion, the value of
dG at the onset of aqueous corrosion (t = 0 in equation 6) is the value of d0 at the end of
the period of HAC. The values of the fitting parameters arelLee and Atkins 1995]:

b, = 111.506 ± 10.804

bi = 0.532 ± 0.0272

b, = -23303.2 ± 2296.2

b3 = -3.193x 10' ± 3.526 x 10'

5.2.4 Pitting Of Carbon Steel

We chose to use the pit growth model described by Bullen [EPRI 1996, Chapter 5] based
on the extensive subsurface corrosion investigations conducted by Romanoff at the
National Bureau of Standards (now known as the National Institute of Science and
Technology (NIST))[Romanoff 1957]. This model relates the maximum depth of pit
penetration to exposure time by the relationship

h(t) = kp (t to )n {w} (eq. 5-7)

where h(t) is the penetration depth (cm), k, the pit growth constant (cm/year,), n the
pitting exponent, kp the surface area of the carbon steel, a is an experimentally
determined correlation coefficient, and to is the time when pitting starts; i.e. when
aqueous conditions are established. The term 372 (cm2) is a scaling factor to account for
the small finite size of the coupons used by Romanoff to obtain the pit depth data.

The applicability of this equation, and the justification for adopting a value for the
correlation coefficient, a = 0.15, have been extensively discussed by Bullen [1996].
Values of n and kP were calculated from empirical expressions derived from the data of

5-15



WASTE PACKAGE PERFORMANCE (D. W. Shoesmith and M. Kolar)

Romanoff. The value of k, was found to be principally influenced by the pH, and given
by the following relationships:

kp = 0.1458(10-pH) pH < 6.8 (eq. 5-8)

kp = 0.0457 6 .8 < pH < 7 .3 (eq. 5-9)

kp = 0.0256 (pH - 5.13) 7.3 < pH (eq. 5-10)

Since it is anticipated that the greatest probability of pitting in repository drifts is when
the pH of seepage drips has been modified by passage through concrete, and may
exceed a value of 10, equation (5-10) has been used to calculate a value of kP for pH
assumed equal to 11; i.e. k, = 0.15. It is worth noting at this juncture that the assumption
that modification of the pH of seepage water by passage through concrete is essential
for pitting to occur is probably not justified based on these soil studies. The value of n
was found to vary with the degree of aeration of the subsurface environment, values of
0.26, 0.39, 0.44 and 0.59 being found to represent good, fair, poor and very poor aeration
respectively. We have chosen a value of n = 0.5 in order to remain conservative and
consistent with the conclusions of the WPDEE process [WPDEE 19981. For reasons to be
described below, we believe n = 0.26 to be a more realistic value. The consequences of
adopting this more conservative value are investigated below in sensitivity calculations.

Simple pitting models [Mughabghab and Sullivan 1989] yield pit growth laws with
n = 0.5 for both diffusion controlled (i.e. diffusion of metal ions out of the pit) and
ohmic controlled (rate determined by the ohmic potential drop which develops in the
electrolyte in the pit) pit growth. However, the Romanoff analysis of pit depth data
shows that the value of n, as well as that of the pit growth constant, kp correlates with
different soil properties, in particular with the degree of soil aeration. For well aerated
soils kP was large but n small, with an inverse correlation for poorly aerated soils.
Within the available data sets there proved to be a very strong correlation between the
degree of aeration and the drainage properties of the soil, with poorly aerated soils
retaining more moisture than well aerated ones.

Based on these observations, an interpretation of k and n values can be offered based on
the dual role of oxygen: as a cathodic reagent it accelerates pit growth, but as a
'homogeneous oxidizing agent it produces insoluble Fem deposits within the pit, thereby
stifling growth. In well-aerated, and hence well drained soils, °2 initially leads to rapid
pit penetration but eventually to pit stifling by Fem solid deposition within pits. In
poorly aerated soils, pit penetration proceeds more slowly but the corrosion products
remain soluble and are transported out of pits, thereby preventing stifling.
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For the conditions expected to prevail at Yucca Mountain, it can be assumed that
aeration will be good and, since temperatures will be relatively high when carbon steel
pitting is likely, that available moisture will be low or, at least, intermittent. In support
of this argument, Gdowski [private communication] has observed that the hygroscopic
nature of the corrosion product oxides causes a rapid spreading of the moisture from
drips rather than its accumulation directly at the drip site. This wide dispersion leads
to a more rapid subsequent evaporation process. Hence, for the intermittent dripping
scenario expected at Yucca Mountain, when pitting is likely to stop and start, stifling
seems inevitable, and the choice of a low value for n appropriate.

The question remains as to whether a temperature dependence for pit growth should be
incorporated into a pit growth model. We would anticipate, as proposed by Scully in
the WPDEE process [W"DEE 1998], that this would involve the modification of the pit
growth constant by an Arrhenius term, i.e.

kp = kp exp LEA IRT} (eq. 5-11)

where EA is the activation energy for pit growth. However, evidence exists to show that
the influence of temperature on pit growth in carbon steel cannot be simply described
by a straight-forward activation energy term; thus [Marsh et al., 1991] found no increase
in pit penetration depths as a function of temperature (250C and 90'C).

This lack of a simple temperature dependence is not surprising since pitting is a
multistep process involving electrochemical, chemical and transport reactions. For
open, unstifled pits growing under transport or ohmic control, an increase in pit growth
rate with temperature would be anticipated. However, the temperature dependence of
activation processes (metal dissolution, oxygen reduction) will be greater than that of
transport processes (C0 into pits, dissolved Fe m out of pits). Consequently, the
influence of stifling by the accumulation of deposited corrosion products within the pit
would be expected to nullify the increase in pit growth rate as the temperature
increases. At Yucca Mountain, where moisture should be limited, or intermittent, we
would expect stifling to be stimulated by temperature. Consequently, the inclusion of a
temperature-modified pit growth constant (ku, equation 10) does not seem justified.

Our analysis, as performed using the values of n and kp adopted, effectively represents
the pitting behavior expected due to exposure drips whose pH has been increased by
seepage through concrete. In calculating pit penetrations, we have assumed that an
indefinite propagation period applies although one would not expect the pH-modifying
influence of the concrete to last that long. This is not a particularly important
conservatism since the form of the pit growth law, equation (5-7), means the majority of
the growth process is over early.
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Two further conservatisms are included in our analysis. Once aqueous corrosion
conditions are established, it is assumed that the total penetration depth is the sum of
penetrations by general and pitting corrosion although it is clear the two processes are
not additive since an area of the carbon steel subject to one process cannot
simultaneously experience the second. The second conservatism is that, while pH = 11
is assumed for the pit growth model, the database of values used to construct the
general corrosion model were measured in neutral solutions. If a higher pH prevailed
these general corrosion rates would be lower [Uhlig and Revie, 19851. In the absence of
any comprehensive database upon which to make this adjustment the effect has been
ignored.

5.2.5 Spalling Of Corrosion Products From Carbon Steel

For a waste package subject to seepage drips the possibility of corrosion product
spalling, making it ineffective in moderating the corrosion rate, is difficult to dismiss.
In this scenario, general aqueous corrosion of the carbon steel would occur while the
package was wet due to drips. However, once dripping stopped and excess water was
removed by evaporation, the corrosion product film would crack, thereby exposing the
bare carbon steel to the humid air corrosion conditions prevailing within the drift.
During this period the package would corrode at the rate that should prevail for these
conditions in the absence of any protective corrosion deposit. During the subsequent
drip period the carbon steel would re-experience the corrosion rate applicable under
aqueous conditions in the absence of protection by a corrosion product deposit; i.e. the
waste package would experience alternating periods of aqueous and humid air
corrosion, neither of which would be moderated in rate by the accumulation of
corrosion products.

The problem with any attempt to model this scenario is that it ties the corrosion
performance of the carbon steel directly to the seepage drip scenario within the
repository, which is not well known. Consequently, in our attempt to model this
process we have, from necessity, chosen an arbitrary seepage drip scenario which we
believe to be very conservative. We have assumed that the package is dripped on for 2
days per month. For the simple model to be described here it doesn't matter whether
this sequence is regular or not. The sequence of events is a regular alternation of a
period of aqueous corrosion ( t1) followed by a period of humid air corrosion
(t2)(assumed to occur at a constant relative humidity, h = 85%). The corrosion rate over
each of these periods is taken as the average rate over the first month (30 days) from the
fitted data curves for HAC and AQC described by equations (1) and (5). It is also
assumed that, once the conditions for HAC are established (i.e. RH>70%) then during
the 2 day seepage drip period, aqueous corrosion of the carbon steel is also possible.

One starts with the penetration depth, d; = 0 for t = 0, and the following two steps are
repeated until the carbon steel is totally penetrated.
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For a period of AQC; i.e. t = t + At,

do = do + 0.0667 t3b exp I + b2T(t)-1 + b3 T(t)2] (eq. 5-12)

and for a period of HAC; i.e. t = t + At2

do = d6 +0.933 t3 exp{ao+a2hl +a3 T(t)i1 (eq. 5-13)

where dG is the penetration depth before the period starts; t30 is for a period of 30 days
taking an average year (356.25 days) as a unit of time (i.e., to = 0.0821355); t1 is taken
equal to 2 days and t2 = 28. The temperature dependence expressed by equations (5-12)
and (5-13) shows that for succesive HAC corrosion periods the corrosion rate falls with
temperature, whereas for AQC the rate initially increases and then decreases.

In this analysis we have assumed that once the RH exceeds the 70% required for the
onset of humid air corrosion, then aqueous corrosion is also feasible during the two day
wet drip cyde. This is a very conservative assumption since the seepage water would
rapidly evaporate and little corrosion damage would probably be incurred. For this
assumption, aqueous corrosion would be possible at T 115 *C and the rate would
remain attenuated by the MIC and radiolytic factors.

52.6 Corrosion Of The C-22 Inner Barrier

When outlining the general features of waste package corrosion, it was suggested that
localized corrosion of C-22 would occur if two conditions were met simultaneously:

* the package was subject to seepage drips;

* the temperature was greater than 80 "C, the value taken to be the threshold below
which crevice corrosion could not initiate.

This scenario, adopted in our model, constitutes a very conservative approach based on
a much simplified analysis of the likelihood of localized corrosion. To illustrate this
conservatism a brief review of the extensive WPDEE discussion of this issue is given
[WPDEE 1998]. An attempt to summarize this discussion is given in Figure 5-5.

Once failure of the carbon steel occurs, two distinctly different corrosion scenarios
appear possible: humid vapor conditions, for which bulk water is available only by
condensation from a humid atmosphere; and wet conditions sustained, probably only
intermittently, by drips. For humid conditions, the development of a concentrated
saline environment, which could prove aggressive to C-22, is very unlikely, and
degradation of C-22 will proceed by a slow general passive corrosion process. For sites
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on the C-22 surface exposed to seepage drips, however, a range of possibilities exist,
Figure 5-5, depending on the waste package temperature, the amount of retained water,
the anionic composition of the water (in particular, the concentrations of Cl-, SO2-,
HCO3-/CO,'-, NO3-), the nature (02 or Fer) and concentration of available oxidants; and
the nature of the surface site (i.e. whether it is open, or occluded and capable of forming
a crevice). An occluded site is a confined site within which localized aggressive
chemistry (low pH) can be established by metal cation hydrolysis and sustained by a
limited transport connection to the external environment. An example would be a wet
site underneath a deposit on the package surface.

Figure 5-5
Development of various environmental scenarios on the waste package surface
and their corrosion consequences.

For crevice corrosion to occur a series of conditions must be met simultaneously:

* a concentrated saline environment must be developed by a sequence of
wetting/drying cycles;

* a sufficient concentration of Fer leading to the suppression of pH to < 3 must occur;

* this acidic ferric chloride solution must be constrained within an occluded (creviced)
site;
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the temperature at such a site must be greater than the threshold value for the
initiation of crevice corrosion.

In order to facilitate comparison to electrochemically measured breakdown/
repassivation potentials, which provide a clear indication of whether or not a material is
susceptible to localized corrosion, these conditions were expressed in terms of a pH and
an expected corrosion potential (Em), Figure 5-5.

It was concluded in the WPDEE process that the establishment of this set of conditions
is improbable for many reasons;

* the accumulation of inhibiting anions such as SO42- and NQ,- are likely to counter
balance the aggressiveness of Cl-,

* the presence of silicate and HCOQ /CO3
2 could inhibit localized corrosion processes

and neutralize low pH values respectively;

* the production of Fe" by the corrosion of carbon steel could buffer redox conditions
at less aggressively oxidizing levels.

Recent chemical code calculations of the chemical composition likely to develop on
evaporation appear to confirm the first point on the above list [Gdowski, private
communication]. Also, available experimental values of corrosion potential and
repassivation potential show that the latter are inevitably greater than the former,
indicating C-22 is not susceptible to localized corrosion, even in vary aggressive saline
environments [Farmer et al. 1998, Gruss et al. 1998]. Corrosion of the residual carbon
steel wall will lead to a considerable Fe" concentration which will redox buffer EC, to
values well below the 640mV. expected for acidic Fem solutions. Finally, the threshold
temperature for crevice initiation is set at 80TC, compared to the measured value of
-1000 C, Table 5-2.

Despite this apparent wealth of evidence (the database is, in fact, quite sparse) we have
chosen to use the conservative criterion for crevice corrosion embodied in Figure 5-5.
Apart from the sparsity of the database on C-22 corrosion, two other reservations make
it judicious to be so conservative. Crevice corrosion of C-22 did appear to occur for
neutral saline conditions on a specimen examined by [Farmer et al. 1998], and this
observation was never successfully explained. Also, the consequences of a period of
low temperature aging of C-22, which could occur during an early dry out period, have
not been fully investigated, although preliminary measurements by Rebak suggest this
may not be a problem [Rebak 19981. The phase separation processes which might occur
during aging, or as a consequence of welding, could lead to a lower repassivation
potential and a lower threshold temperature for crevice initiation.
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5.2.7 General Corrosion Of C-22

The mechanisms of passive film corrosion have been reviewed elsewhere [Shoesmith et
al. 19951, and it was concluded that a simple constant corrosion rate model was
probably the most appropriate; i.e. the depth of penetration is a simple linear function
of exposure time,

drc = kt (eq. 5-14)

At short times (days to months), passive films on alloys such as C-22 would be expected
to grow via a logarithmic law as the increasing thickness of the growing film slowed its
growth rate. Over longer periods (of interest in waste disposal), such a growth law is
unlikely to be sustained. For neutral solutions, the introduction of grain boundaries on
crystallization of the film is likely to lead to more rapid ion transport and the
maintenance of a linear film growth process (equivalent to corrosion) proceeding at a
constant rate. If acidic conditions prevailed a linear corrosion rate would be maintained
by a steady-state balance between film formation at the metal/oxide interface and film
dissolution at the oxide/solution interface.

We would anticipate that, for repository conditions, the general corrosion process could
be different for dripping and non-dripping conditions, Figure 5-5. In the absence of
drips, linear film growth under neutral conditions would be expected. In the presence
of drips, if locally acidified conditions did develop, then a general corrosion rate
determined by the steady-state dissolution rate of the film would be more likely. Since
oxide dissolution rates are generally pH-dependent [Segall et al. 19881, the corrosion
rate would be expected to be higher in the latter case (dripping) than in the former.

It is convenient and conservative to represent the influence of temperature on these
rates with a standard Arrhenius dependence. It is unclear that this would reflect the
real temperature dependence since the overall corrosion process involves individual
reactions with conflicting dependencies on temperature; eg. thickening films at higher
temperatures would cause a decrease in dependence of corrosion rate on temperature
whereas, for film dissolution, the corrosion rate would increase with temperature.

The rates used in our computations are given in Table 5-3 and their adoption has been
discussed in more detail elsewhere [Shoesmith, Appendix D, WPDEE 1998]. From these
values an activation energy (EAs) is calculated using the expression:

(RG,)T = exp (T2- TI)I (eq. 5-15)
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The maximum value used for 100 IC is deemed the appropriate value based on a
consideration of the values measured for the Cot alloy in aggressive brines [Accary
1985, Smailos et al. 1986].

Table 5-3
General Corrosion Rates (Omyear) for C-22

Percentile 1000C 250C

No Drips
5 0.0020 0.0002
50 0.0100 0.0010
95 0.1000 0.0100
Drips
5 0.2000 0.0200
50 0.5000 0.0500
95 1.000 0.1000

5.2.8 Localized Corrosion of C-22

According to the modeling scenario we have chosen for C-22 (outlined in Figure 5-4),
two specific pieces, or sets, of data are required; (i) the critical crevice corrosion
temperature to decide whether the alloy is susceptible or not; and (ii), a database of
penetration rates with which to construct an extrapolatable growth law. The choice of
the critical temperature has been discussed above and a value of 80 0C chosen.

When trying to formulate a crevice penetration (growth) law, two main problems arise:
(i) insufficient unambiguous penetration rate data are available (especially for alloys
such as C-22) to determine the form of the growth law; (ii) the factors that control the
form of apparently simple growth laws are complex and, at best, only qualitatively
understood. The form of pit and crevice penetration growth laws is, by necessity,
determined from relatively short-term experiments, during which those factors which
enhance growth (development of critical chemistry, slow transport) are dominant.
However, we need to predict the penetration behavior for long intervals, when those
factors that limit growth (IR drop, loss of critical chemistry, metallurgical features), are
more important. The IR drop is the potential opposing localized corrosion that
develops within a pit or crevice.

We would anticipate that the growth law will have the form:

d.c = Bet (eq. 5-16)

Such a law can be used to fit the penetration depths for the crevice corrosion of Grade-2
titanium (Ti-2), a material which will sustain very high propagation rates once initiation
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has occurred. For this example the value of n was -0.46 [Ikeda, private
communication]. The applicability of this law has been demonstrated for a range of
materials as noted by Scully [Scully, Appendix D, WPDEE 19981.

In our discussion of the pitting of carbon steel, we discussed the significance of the
value of n. For materials like carbon steel, values of n < 0.5 appear to indicate the
importance of pit stifling processes, such as precipitation of insoluble corrosion
products within the pit. For materials like C-22, which are metallurgically designed and
fabricated to resist localized corrosion, additional metallurgical stifling factors are
expected to be important. Examples of such factors would be the inducement of the
active to passive transition on titanium alloys by catalyzed proton reduction at
intermetallic sites (e.g., Ti2Ni in Grade-12 titanium)[Shoesmith et al. 1995], and the
reduction of the active metal dissolution rate by molybdenum in Ni-Cr-Mo alloys
[Newman 1985, Clayton and Olefjord 1995]. This latter would be the process expected
to limit crevice corrosion on C-22.

In the absence of an experimental value for C-22, we have chosen to use a value of n =
0.5 in our computations. This is equivalent to assuming that stifling factors, other than
diffusive effects, will not be important. For a material such as C-22 this is dearly a very
conservative assumption.

Before the growth law specified in equation (5-16) can be used, it is necessary to define
appropriate values for the crevice growth constant B. The only available set of data is
that published by Haynes [1987b] and summarized in Table 22 of Gdowski [1991], and
reproduced her as table 54. These data were recorded in 10% FeCl; i.e. under
conditions significantly more aggressive than the most aggressive environment
anticipated in a waste repository. Inspection of this data dearly shows the C alloys
show similar behavior and perform much better than the other materials.

First, there is no way to determine whether the penetration occurred at a linear rate
over the whole exposure period, or whether a short burst of rapid crevice corrosion was
followed by a long period of passivity. Considering C-22, a rate of 2.5 m/year over 100
hours would mean only 29 nm of penetration over this exposure period. This is
insignificant in localized corrosion terms and suggests only passive corrosion was
occurring. Even for the higher temperature of 75 "C, it is unlikely any crevice corrosion
actually occurred. For C-276, an annual averaged rate of 508 m/year would indicate
5.8 m of penetration over the 100 hour test period, suggesting localized corrosion may
have occurred.

The temperature dependence of penetration depths for the C alloys, Table 5-4, may
reflect an Arrhenius dependence or, more likely, that a temperature threshold for
crevice corrosion exists. From the values for the C alloys in Table 54 it would appear
that the threshold temperature for C-22 is well above 75 TC, for C-276 75 "C and for C4
between 50 and 75 'C. These values would be quite consistent with those in Table 5-2.

5-24



WASTE PACKAGE PERFORMANCE (D. W. Shoesmith and M. Kolar)

Table 5-4
Crevice Corrosion Data From Tests Conducted In 10% FeCi3 [From Haynes 1987b]

Average Corrosion rate (gm/year)

Alloy 250C 500C 750C

C-22 2.5 2.5 12.7

C-276 5.1 5.1 35.6
C-4 7.6 12.7 508

625 38.1 3150 12950

255 10.2 20600 16840

20 Cb-3 5210 9650 17800

316L 7925 11700 19810

825 18540 17960 17270

(Average corrosion rate on duplicate samples; 100 hour duration).

The rates in Table 5-4 are linear averaged rates over the whole exposure period. If it is
assumed that crevice corrosion did occur according to a growth law of the form in
equation (5-16), with n = 0.5, then a value for the growth constant B can be calculated.
For the family of C alloys from Table 5-4 the B values, obtained in this manner are given
in Table 5-5. Since there is real doubt that crevice corrosion actually occurred for C-22
and C-276 in these experiments we have used the values obtained for the Cal alloy, for
which crevice propagation appears to have occurred at least at 75 0C, as the median
value in our computations. The values of B are listed in Table 5-6. The 5th percentile
value is approximately that for the C-276 alloy and the 95t percentile is arbitrary. The
temperature dependence of the crevice growth process can then be obtained by
assuming an Arrhenius relationship between the values at the two temperatures, as was
done for general corrosion.

Table 5-5
Values of the Growth Constant, B (pmtyearn), Assuming that the Crevice Penetration Depths for
the C-alloys (Table 64) were Achieved According to the Growth Law In Equation 5-16.

Temperature (0C)

Alloy 750C 250C
C-22 1.357 0.267

C-276 3.805 0.545

C-4 54.298 0.812

Some discussion of the consequences of this selection and these assumptions is merited.
Firstly, to accept the behavior of the C4 alloy as representative of the expected behavior
of C-22 appears very conservative. However, a consequence of aging during a hot dry
period prior to wetting could be the degradation of the properties of C-22, making it
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more susceptible to crevice corrosion than the unaged alloy, i.e. more like C4. In the
absence of a firm understanding of the consequences of aging, our selection of Co4 data
is judicious. Secondly, much uncertainty exists as to what actually happened in the
crevice corrosion experiments used to construct Table 5-4. Although the n value used in
the growth law, equation (5-16), is the one expected if no stifling of crevice corrosion
occurs, stifling may have occurred in the experiments themselves leading to shallow
penetration depths. All these uncertainties are incorporated into the values used in our
calculations.

Table 5-6
Values of the Crevice Growth Constant, B (jln/year1"), Used In Model Calculations

Percentile 750C 250C

5 5 0.1
50 55 1

95 100 2

Finally, the selection of an Arrhenius temperature dependence is almost certainly
inappropriate but definitely conservative. For passive materials which are highly
susceptible to crevice corrosion (e.g. Ti-2) the propagation rate does appear to obey an
Arrhenius temperature relationship [Ikeda et al. 19901. However, for alloys fabricated
with metallurgical features designed to resist propagation (e.g. Ti-12) it does not [Ikeda
et al. 1990]. C-22 (and even C-276 and C4) belong to the latter category. However,
adopting such a temperature dependence is conservative for the following reasons. It
will slightly overestimate the penetration rates at intermediate temperatures (e.g., 50 C)
and will predict very fast propagation rates for T > 75 0C, due to the exponential form of
the Arrhenius relationship, equation (5-15). Since we are predominantly interested in
the propagation of crevice corrosion in the temperature range 100 0C to 80 0C, our
procedure could significantly overestimate the consequences of crevice corrosion of the
inner barrier.

Figure 5-6 outlines the modeling scheme in terms of the key assumptions and corrosion
process rates. In this figure CAM designates the corrosion allowance material (carbon
steel) and CRM the corrosion resistant material (C-22). This procedure is used along
with an assumed fraction of packages experiencing seepage drips and a knowledge of
waste package temperature-time curves to predict the waste package failure times. The
parameter values used in calculations are summarized in Table 5-7. In Figure 5-6, RAC
RQC and Rp, represent the rates of carbon steel wall penetration by general corrosion
under humid air conditions, general corrosion under aqueous conditions, and pitting,
respectively; RGC and RcC represent the general penetration rate, and the crevice
penetration rate of the C-22, respectively;flt) is the temperature-time function defined
in Table 5-8 and illustrated in Figure 5-7. The terms h, fR and fM are defined in equation
(5-1) and (5-3).
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h>70%

h>90%

h >70%

CAM fails
CRM exposed

CRM fils

Figure 56
Modeling scheme, key assumptions and corrosion process rates used In the
development of the model.

Temperattre
(WP Szface)

10 10 102 104
Expomre Time (yeers)

1i 10l

Figure 5-7
Temperature-time curves used In calculations [from Ross, Chapter 4]; a-T, "hoto
packages, strongly focused water flow; P-T, "hot" packages, weakly focused water
flow; yT, cold" packages; S-T, relationship expected If the repository is naturally
ventilated.

5-27



WASTE PACKAGE PERFORMANCE (D. W. Shoesmith and M. Kolar)

Table 5-7
Summary of the Parameter Values Used in Model Calculations

Humid Air General Corrosion Model for Carbon Steel (Equation 5-2)

a,= 16.9865 + 2.8736

a, = 0.6113 + 0.0295
a, = -893.76 + 231.04

a,= -833.53 + 381.97

T(t) - from Table 5-8

Aqueous General Corrosion Model for Carbon Steel (Equation 5-6)

b0 = 111.506 ±10.804

b, = 0.532 + 0.0272

b2 = -23303.2 + 2296.2

b3 = -3.193 x 104 + 3.526 x 104

T(t) - from Table 5-8

Radiolysis and Microbial Factors for Carbon Steel General Corrosion
(Equation 5-3)

'hi = 3

fR = 5

Pitting of Carbon Steel (Equation 5-7)

k, = 0.15 cm/year0'6

n = 0.5
A,, = 29,677 cm2

a = 0.15

to-- calculated during the computation

Spaillng of Carbon Steel Corrosion Products (Equations 5-12 and 5-13)

t.o= 0.0821355

At, = 0.00547757
A% = 0.01916495

T(t) -- From Table 5-8

General Corrosion of C-22 (Equation 5-14)

K - calculated from the rates in Table 5-3

Ej/R- 515.545K

Localized Corrosion of C-22 (Equation 5-16)

Tce = 80'C
B = Table 5-6

n = 0.5

EA* I R = 8319.30 (median value)
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Table 6-8
Terms Used to Calculate Temperature-Time Curves Plotted In Figure 5-7.

Time Period Temperature-Time Term

a-T Curve

t < 1
1 <t <14.2

14.2<t<40.4

40.4<t<201

201 <t<433

433 <t <2477

2477 c t< 104

104 < t < 4.6416 x 104

4.6416 x 104 < t, 1.33352 x 10'

P-T Curve

t<1

1 <t<14.2

14.2 < t< 21.5

21.5 < t < 285

285 < t < 2477

2477 < t < 104

10'< t < 4.6 x 10'

4.6 x 104 < t < 1.33352 x 105

yT Curve

t < 1

1 <t< 18.7

18.7< t <24

24< t <39

39<t< 152

152 < t < 1748

1748 < t < 4.6416 x 10I

4.6416 x 104< t < 1.33352 x 10'

8-T Curve

t < 1

1 <t< 14.5

14.5 <t < 53.4

53.4 < t < 147

147 < t < 4.6416 x 104

132

132 + 25.3409 log t
161.2 - 4.40438 (log t - 1.15229)

159.2 - 11.0503 (log t - 1.60638)

151.5 - 35.1044 (log t - 2.3032)

139.8 - 58.8827 (log t - 2.63649)

95.2 - 54.6138 (log t - 3.39393)

62.1 - 52.3499 (log t - 4.0)

27.2 - 16.8001 (log t - 4.66667)

132

132 + 25.3409 log t

161.2

161.2 - 58.8022 (log t - 1.33244)

95.2

95.2 - 54.6138 (log t - 3.39393)

62.1 - 52.3499 (log t - 4.0)

27.2 - 16.8001 (log t - 4.6667)

103

103 + 29.8779 log t

141

141 - 47.4263 (log t - 1.38021)

131 - 72.2775 (og t - 1.59106)

88.3 - 28.5661 (log t - 2.18184)

58 - 23.6636 (log t - 3.24254)

24.3 - 10.4728 (log t - 4.66667)

59

59 + 18.5988 log t

80.6

80.6 - 33.1987 (log t - 1.72754)

66 - 18.6048 (log t - 2.16732)
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5.3 Waste Package Temperature Curves

All the expressions for corrosion rate defined in Figure 5-6 are dependent on
temperature with the sole exception of the pit growth rate for carbon steel. The
temperature-time curves used in calculations are shown in Figure 5-7, and discussed in
detail elsewhere. For the reference condition (no backfill, no ventilation) the waste
packages are divided into two groups, "hot" and "cold". Cold packages follow the
gamma (y-T) curve, and hot packages the alpha (a-T) or beta (VT) curve, depending on
whether water flow is strongly (a-T) or weakly (VT) focussed. Irrespective of the
water infiltration rates, 20% of the packages are "cold", and hence cool along the E-T
curve, and 80% are "hot", and hence cool along either the a-T or I-T curves. For
containers cooling along the a-T curve none experience drips, while for those cooling
along the P-T curve up to 20% experience seepage drips.

The delta (ST) temperature curve is that expected for waste packages subjected to
natural ventilation. For these conditions the relative humidity in the drifts is expected
to be too low for significant humid air and/or aqueous corrosion to occur. If this
proves to be the case then waste packages should last extremely long times since only
dry oxidation should occur. However, in the calculations presented here it will be
assumed that, even for these conditions, the relationship between temperature and
relative humidity, embodied in Figures 5-1 and 5-2, still prevails and that aqueous
corrosion of waste packages cooling along the S-T curves will occur.

The curves shown in Figure 5-7 are a series of interconnected linear segments which
dosely approach the real temperature-time curves. The terms used to calculate the
individual sections are given in Table 5-8 with T in 0C and t in years.

5.4. The Establishment of Data Distributions

For the general corrosion of carbon steel, under both humid air and aqueous conditions,
we have assumed that the data for corrosion depth as a function of exposure time is
described by a normal distribution around the mean value plotted by Lee and Atkins in
TSPA-95 with the associated value they have calculated (see Figures 5.3-12 and 5.4-1 in
Chapter 5 of TSPA-95).

For the corrosion rates used for the C-22 inner barrier, a more approximate process was
used. For both general corrosion and localized corrosion the values used were obtained
via the WPDEE process [WPDEE 1998]. To illustrate the process, the percentiles are
designated by P and the probability variable corresponding to P (generally the
corrosion rate) by xp. For example, for general corrosion of C-22 (at 1000C) in the
absence of seepage drips, Table 5-3, for the percentiles (P) of 5%/o, 50%/6, 95% the values of
xP are 0.002, 0.01, and 0.1 pm/year, respectively.
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A decision is then made as to whether the elicited values are close to a normal
distribution, i.e.,

X95 - X50 = X50 - X5 (eq. 5-17)

or a log normal distribution, i.e.,

log X95 - log X50 = log X50 - 1og X5 (eq. 5-18)

(as is the case with the example given above). Based on this decision, it is then possible
to interpolate values of xp for other percentile values (i.e., P = 20, 35, 65, 80).
Unfortunately, the elicited values of corrosion rate inevitably do not lead to exact
equalities in equations (17) and (18), and it is necessary to "sew up" two halves of a
normal (or log normal) distribution with slightly different standard deviations (as).
These two parts are joined at the median value; i.e., for x, < x, the distribution is
normal (log normal) with a standard deviation, a, and for xp > x5 the distribution is
normal (lognormal) with a standard deviation, a.

The cumulative probability, P/100, is then given by

P = DISH |exP (X- i) 2 dx (eq. 549)

for a normal distribution, and

P I 109 'X (log x- log x )2 }d (eq.5-20)

for a lognormal distribution where I = x50 the median value. This leads to the

relationships between P and xp listed in Table 5-9. Values for A and cr can be calculated
for the known, values for x5 ,x 50(i), x95,

x-x, (or log 1log X) (eq. 5-21)

-x5 (or log X95 - logY x (eq. 5-22)
1.645 1.645
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and used to evaluate the terms in Table 5-9.

Table 5-9
Relationships Between Percentiles (P) and Probability Variables (x) (Generally Corrosion
Rates).

P

5

20

35

50

65

80

95

xp

x - 1.645 a.

x - 0.842 a.

x-0.3845 a.

x

x + 0.3845 a.

x + 0.842 a,

2 + 1.645 a

log xP

log x - 1.645 a.

log x - 0.842 a.

log x - 0.3845 a.

log x

log x + 0.3845 c.

Iog x + 0.842 a,

Iog x + 1.645 a.

The distributions of values calculated by this procedure for the corrosion of C-22 are
given in Tables 5-10 to 5-12

Table 5-10
Distribution of Parameter Values for the Localized Corrosion of C-22 (Approximately
Normal)

P
(%)

B (750C)
(punyeare')

B (250C)
(±mlyear"')

5 5 0.1

20 29.407 0.539

35 43.313 0.7896

50 55 1

65 65.52 1.234

80 78.03 1.512

95 100 2
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Table 5-11
Distribution of Corrosion Rates for the General Corrosion of C-22 In the Absence of
Seepage Drips (Approximately Lognormal)

P
(e%)

RC, (1 000C)
(nmlyear)

R.e (250C)
(gnyear)

k
(1Lm)

EA /R
(K)

5 0.002 0.0002 18.896 3415.64

20 0.00439 0.000439 41.476 3415.64

35 0.00686 0.000686 64.812 3415.64

50 0.01 0.001 94.479 3415.64

65 0.0171 0.00171 161.558 3415.64

80 0.0325 0.00325 307.055 3415.64

95 0.1 0.01 944.786 3415.64

Table 5-12
Distribution of Corrosion Rates for the General Corrosion of C-22 In the Presence of
Seepage Drips (Approximately Lognormal)

P

(%)
Rae (1 000C)
(gmfyear)

R.e (250C)
(im/year)

k
(Jim)

EAI R
(K)

5 0.2 0.02 1889.57 3415.64

20 0.250290 0.0250290 2364.23 3415.64

35 0.32288 0.032288 3050.52 3415.64

50 0.5 0.05 4723.93 3415.64

65 0.58786 0.058786 5554.02 3415.64

80 0.71295 0.071295 6735.85 3415.64

95 1.0 0.1 9447.86 3415.64

5.5 Results and Discussion

Figures 5-8 and 5-9 show the depth of penetration as a function of exposure time for the
no drip scenario for both the carbon steel outer barrier and the C-22 inner barrier.
Figure 5-10 shows the cumulative distribution function for both barriers. Since the
general behavior for all four T-t curves, Figure 5-7, is about the same, we will focus our
discussion primarily on the a-T behavior, at least for the no drip scenario.
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In the absence of seepage drips, irrespective of the T-t curve, the carbon steel outer
barrier is predicted to survive for approximately 20,000 (P = 95%) to 450,000 years (P =
5%), Figure 5-10. By this time, the waste package temperatures range from 20 0C to 47
0C, values well below the threshold temperature (T,) for crevice corrosion of the inner
C-22 barrier. Clearly, in the absence of seepage drips, the primary goal of the carbon
steel, to protect the C-22 until it is immune to crevice corrosion, is easily achieved. As a
consequence, only general corrosion of the C-22 can occur and, at such low
temperatures the rate will be very low, Table 5-3. This leads to a distribution of failure
times for C-22 between 106 and 10 years, Figure 5-10. One could conclude that
protecting the waste package from seepage drips, and hence the development of the
aggressive chemistry that can accompany the ensuing wet/dry cycles, would lead to
very long term containment of radionuclides.

100000

80000

0,

0)

60000

40000

20000

0
0 50000 100000 150000 200000

t (a)

Figure 5-8
Predicted penetration (Dg) - time (t) curves for carbon steel; a-T case; no seepage
drips.
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Figure 5-9
Predicted penetration (Dg) - time (t) curves for C-22; a-T case; no seepage drips.
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Figure 5-10
Predicted cumulative distribution functions for carbon steel and C-22 failure times;
a-T case; no seepage drips.
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Before becoming too complacent with these predictions, it is worth examining in more
detail some of the features in Figures 5-8 to 5-10. The equations governing the shape of
the penetration-time plots for carbon steel, equation (5-1) for HAC and equation (5-5)
for AQC, both have time exponents < 1 (a, = 0.61 for HAC, and b, = 0.53 for AQC). This
is a direct consequence of the decrease in corrosion rate, attributed to the accumulation
of corrosion products, observed in the short term measurements on which equations
(5-1) and (5-5) are based. The use of these equations in our calculations accepts that this
accumulation of corrosion products, and their ability to give increasing protection from
corrosion, will persist indefinitely. This seems a particularly optimistic assumption, and
some erosion of corrosion product, or its dislodgment by rock impact, would be
expected over these time scales. Consequently, predicted lifetimes for the carbon steel
barrier well beyond about 50,000 years, Figure 5-8, are almost certainly unrealistic.

This problem does not apply to the predictions of the general corrosion of the C-22
inner barrier. The penetration law given in equation (5-14) assumes corrosion
protection is given by a thin oxide on the alloy. The thickening of this oxide as
corrosion proceeds does not confer any additional protection against corrosion, since it
is assumed to become permeable via recrystallization. This is implicit in the linear form
of the penetration law, equation (5-14) and accounts for the linearity of the plots in
Figure 5-9. This makes the predictions of C-22 lifetimes insensitive to the erosive loss or
dislodgment of this oxide. Indeed, if the thin oxide which confers corrosion protection
is breached, it will rapidly repair itself and continue to function protectively as before.

There are two primary corrosion pathways by which the protectiveness of the oxide on
carbon steel, and hence the applicability of equations (5-1) and (5-5), can be
compromised. The presence of drips could lead to a localized corrosion process, such as
pitting, and a sequence of corrosion/corrosion product spalling events, enforced by
wet/dry cycles, could maintain fast general corrosion rates.

In the presence of drips, the three stages of corrosion of carbon steel, for packages
subject to the a-T profile, are clearly visible on the penetration-time curves, Figure 5-11.
For the first 1200 years, no corrosion damage is sustained since the drift humidity is low
and dry oxidation is assumed to be effectively negligible. Such a delay in the onset of
measurable corrosion would also occur for the no drip scenario but is not visible on the
scale of Figure 5-8. Subsequently, between 1200 and 2100 years a period of HAC
occurs, and while penetration is significant it is not particularly rapid. Once AQC
conditions are established the rate of penetration rapidly increases. This surge in
penetration rate is attributable to the onset of pitting, Figure 5-12.
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Figure 5-1 1
Predicted penetration (Dg) - time (t) curves for carbon steel; a-T case; seepage
drips.

E
=L-

Cl

1 0000

80000

60000

40000

20000

0
0 500 1000 1500 2000 2500 3000

t (a)

Figure 5-12
Predicted penetration (Dg) - time (t) curves for carbon steel; a-T case; seepage
drips.
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In Figure 5-12, the dashed line, which represents waste package corrosion by AQC only,
includes the influence of both the radiolytic and microbial factors. The linearity of this
line is due to the conflicting influences of an increase in corrosion rate as the
temperature decreases (see the temperature dependence in equation (5-6)) and a
decrease in rate as corrosion products accumulate. It is clear from this scenario that the
influence of the microbial factor of 3 is quite insignificant compared to the potential
influence of pitting. A separate discussion of radiolysis effects is included later.

The influence of using a pit growth law for carbon steel which ignores any chemical
stifling influences (i.e., the adoption of a value of n = 0.5 in equation (5-7)) is very
marked and, in the presence of drips, is the major influence in driving penetration of the
carbon steel. As discussed above, it is probable that a value of n as low as 0.26 would be
more appropriate and the adoption of such a value would be expected to lead to the
prediction of substantially longer carbon steel lifetimes. See the next section for the
influence of this parameter on waste package performance. The n value is not the only
source of conservatism. The pit growth constant, k, in equation (5-7), was taken to be
the value expected for alkaline conditions. However, it is unlikely concrete-modified
conditions will persist for the whole duration of the AQC/pitting period (-1000 years
in Figure 5-13). A lower value of k, appropriate for shallower pitting under neutral
conditions would be expected to prevail in the longer term.
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Figure 5-13
Predicted penetration (1Dg) - time (t) curves for C-22; c-T case; seepage drips.
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Before moving on to a discussion of the consequences of carbon steel behavior on the
corrosion performance of the C-22 inner barrier, two other points are worth making.
One is that the narrow distribution of penetration depth values between the 5' and 95'
percentiles shown in Figure 5-11 represent only the uncertainties in the general
corrosion models (HAC and AQC), since no parameter distributions for pitting were
incorporated in our model. A second point is that, in our calculations, no attempt is
made to define a pit density. If the pit density were large, then there would be little
conceptual difference between a process of pit propagation and coalescence and a more
rapid general corrosion process in which the accumulated corrosion products offered
less resistance to carbon steel corrosion than expected from the general corrosion rate
law, equation (5-6).

For the a-T profile, the carbon steel outer barrier is predicted to fail while the
temperature is still above T. (the threshold value of 80 TC for the initiation of crevice
corrosion on C-22); i.e., failure times are between 2843 years (T, = 91.9 "C; P = 95%) and
3055 years (T, = 90.2 TC; P = 5%). The predicted penetration profiles for C-22 (actually
for the overall waste package) are shown in Figure 5-13. For the median value (P =
50%/6), the influence for crevice corrosion is illustrated in Figure 5-14. The cumulative
distribution functions for the failure times of both the carbon steel and C-22 are shown
in Figure 5-15.
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Figure 5-14
Predicted penetration (Dg) - time (t) curves for C-22; a-T case; seepage drips.
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Figure 5-1 5
Predicted cumulative distribution functions for carbon steel and C-22 failure times;
a-T case; seepage drips.

The penetration-time plots in Figure 5-13 are a convolution of the general corrosion rate
law, equation (5-14) and the localized crevice growth law, equation (5-16). However,
the importance of crevice corrosion can be gauged from an inspection of Figure 5-14.
The initiation of crevice corrosion is followed by rapid (on the time scale of the Figure)
crevice penetration. However, since the time exponent in the crevice growth law (n in
(eq. 5-14)) is 0.5 and that in the general corrosion rate law (eq. 5-16) is 1.0, the rate of
crevice penetration eventually becomes less than the rate of penetration by general
corrosion. This is clear in Figure 5-14 from the parallel tracks of the two curves at
longer times. Although not perceived to be mechanistically so, this is equivalent in
effect to a repassivation process, since the crevice propagation rate is negligibly small.
In reality, as the propagation rate decreases, the deep crevice would be unable to
maintain the localized chemistry required to maintain propagation. If one allows a
looseness of scientific definition, one could say the C-22 has repassivated.

The constant difference between the two lines at long times in Figure 5-14 is, therefore, a
measure of the limiting depth of crevice propagation. For the median value of the
crevice growth constant (B), inspection of Figure 5-14 shows this limiting depth to be
-6000 m (6mm). Considering that the crevice growth law, equation (5-16), allows for no
stifling (i.e. n = 0.5) and the growth constant is taken to be that estimated for the inferior
Cot alloy (see Tables 5-5 and 5-6), this value can be considered conservative. Returning
to Figure 5-13, for the 5' percentile, the limiting depth of crevice penetration will be

5-40



WASTE PACKAGE PERFORMANCE (D. W. Shoemith and M. Kolar)

much lower ( 2 mm). For the 95t' percentile it is possible no limiting crevice depth was
achieved, although further analysis of the kind shown in Figure 5-14 would be required
to demonstrate whether this was, in fact, the case. Since the crevice growth law
constant (B) for the 5' percentile was based on the anticipated behavior for C-276, this
behavior might be more representative of that expected for the similar, but further
improved, C-22 alloy. Despite the possibility that crevice propagation was never
effectively "stifled" for the 95' percentile, the CDF of Figure 5-15 shows that waste
package lifetimes well in excess of 104 years are predicted. The actual value of the 95'
percentile is 36,318 years. It is not unreasonable to accept this value as a conservative
lower limit for the failure time.

Figures 5-16 and 5-17 show the penetration-time curves for carbon steel and C-22 for the
P-T curve, Figure 5-7. The more rapid cooling caused by the weak focusing of the water
flow pattern leads to the onset of aqueous corrosion, and hence to the onset of the
rapidly penetrating pitting process, after only 200 to 300 years. Failure of the carbon
steel is then predicted to occur between 1256 years (P = 5%) and 1129 years (P = 95%)
when the waste package temperature is 95 'C. The consequence of this is that the
limiting crevice penetration depth increases to 10 mm, Figure 5-17; i.e. approximately
half of the available wall thickness. The main influences determining this depth are the
increased crevice growth constant (B) due to its Arrhenius dependence and the
maintenance of the waste package temperature at 95 'C for a further 1200 years Figure
5-7.
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Figure 5-16
Predicted penetration (Dg) - time (t) curves for carbon steel; P-T case; seepage
drips.
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Figure 5-17
Predicted penetration (Dg)-- time (t) curves for C-22; P-T case; seepage drips.

Figures 5-18 and 5-19 show the predicted penetration profiles for both barriers for all
four T-t curves in Figure 5-7. Before proceeding to discuss these results it is worth
recalling that, despite the expectation that ventilation (S-T curve) will maintain drift
humidities below the levels which can sustain HAC/AQC, we have assumed that
aqueous conditions due to seepage drips can be established for this scenario.

For the -f-T curve, the initial dry out period is < 100 years and for the S-T curve no such
dry period exists, Figure 5-7. Consequently, the onset of AQC and pitting occurs much
earlier than for the a-T and S3-T curves. Although not apparent in Figure 5-18, the
general aqueous corrosion rate for the A-T and S-T scenarios is significantly enhanced
also, since AQC occurs predominantly in the temperature range (40 'C to 80 'C) when
the rate of this process achieves its largest values. For these two scenarios, but
particularly the ST one, the use of an MSC factorf. = 3, will exert a significant
influence. This is not irrational since temperatures are now sufficiently low that
microbes would be expected to be more active. This combination of the early onset of
pitting and the enhancement of general corrosion rates in the mid-temperature range
leads to much earlier failure of the carbon steel outer barrier. For the &T curve, failure
times range from 933 years (P = 5%) to 743 years (P = 95%/), and for ST between 732
years (P = 5%/6) and 493 years (P = 95%).
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Figure 5-18
Predicted penetration (Dg) - time (t) curves for carbon steel; seepage drips.
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Figure 5-1 9
Predicted penetration (Dg) - time (t) curves for C-22; seepage drips.
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Despite this rapid failure of the carbon steel, the corrosion performance of the C-22 is
considerably better for the y-T and &-T curves than for the a-T and P-T curves, Figure
5-19. This is dearly attributable to the fact that the temperature of exposure of the C-22
(65 to 68 'C for y-T; 53 to 56 0C for &-T) is well below the threshold value of 80 TC
required for crevice corrosion to be possible. Consequently, despite the relatively poor
performance of the carbon steel, the C-22 suffers only slow general corrosion, and
substantial waste package lifetimes are achieved.

The clear conclusion that could be drawn from these predictions is that, providing the
waste package temperature on exposure of the C-22 to the drift environment is below
T,, (800C), and crevice corrosion is avoided, then the corrosion performance of the
carbon steel is effectively irrelevant in determining the overall waste package corrosion
performance. In essence, the steel outer barrier serves, and needs to serve, no corrosion
barrier function and could be considered to be only a mechanical and radiation
shielding barrier.

A second conclusion would be that the consequences of maintaining the exposed C-22
above TX for a long period is potentially dangerous and could have a major impact on
the overall waste package performance. This is clear from the CDF for the P-T profile,
Figure 5-20. For this case the temperature is maintained in the danger zone between
1050C, when AQC of carbon steel can begin and eventual failure occur, and 80 'C, below
which only slow general corrosion of C-22 need be considered. While the mean failure
time (P=50%) may be >105 years, the value at the 95' percentile is only 4854 years.
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Figure 5-20
Predicted cumulative distribution functions for C-22; seepage drips.
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This exceptionally short lifetime highlights the need to reassess the major conservatisms
inherent in the crevice growth law at this fringe of the distribution of values. Firstly,
the B value is larger than that anticipated for even the inferior alloy C4 (Tables 5-5 and
5-6). Secondly, the use of a value of n=0.5 allows for no metallurgical stifling, a feature
of C-22 behavior it is rational to expect. Thirdly, the use of an Arrhenius temperature
dependence for B will lead to the prediction of conservatively high values of this
growth rate constant during the temperature plateau region which is a feature of the (3-
T curve (Figure 5-8). The combination of these conservatisms probably render the short
C-22 lifetimes at the 95h percentile significant underestimates of the lifetimes that can be
realistically expected.

Despite these reassuring caveats, the predictions do highlight the dangers of
maintaining the waste package with C-22 exposed in the temperature region, T., < T <
TA,,, for extended periods of time. If the above reassurances are to be justified, then a
much better corrosion database for C-22, and a clearer mechanistic understanding of the
temperature dependence of crevice corrosion, are required.

Figures 5-21 and 5-22 show the penetration-time plots for carbon steel and C-22
assuming a regular cycle of corrosion and spalling occurs for the a-T curve. Once the
dry out period is over and the corrosion process starts, the rate of carbon steel corrosion
is fast and linear since the corrosion products do not influence the corrosion rate.
Failure of the carbon steel occurs between 2106 (P=5%) and 1422 (P=95) years. Since
corrosion is negligible over the first -1200 years, Figure 5-21, due to dryout, these
constitute actual corrosion lifetimes of carbon steel of between 906 and 222 years. More
critical than the short carbon steel lifetime is the waste package temperature on
exposure of the C-22. These range from 990C (P=5%) to 1090C (P=95%). As a
consequence, the subsequent C-22 crevice corrosion rates are extremely high and
overall waste package failures are predicted to occur between 106 years (P=5%) and as
short as 2724 years (P=95%/o). The median value is predicted to be 126,742 years, Figure
5-23.

If we consider only the median value, then even such a poor corrosion performance by
the carbon steel does not lead to catastrophic failure of the C-22, Figure 5-23. The
extremely rapid failure predicted for the 95h percentile is a product of all the over
conservatisms of the crevice growth model, discussed above. In particular, the use of
an Arrhenius temperature dependence leads to extremely large values of the crevice
growth constant at these temperatures.
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Figure 5-21
Predicted penetration (Dg) - time (t) curves for carbon steel; a-T case; spalling.
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Figure 5-22
Predicted penetration (Dg) - time (t) curves for C-22; a-T case spaoling.

5-46



WASTE PACKAGE PERFORMANCE (D. W. Shoesmith and M. Kolar)

1 l l

0.9

0.8

~0.7
a 0.6 |

0.5 Ca bon Steel

0.3 -U

0.2 -

0.1 ,

0
103 10 4 to5 106

t (a)

Figure 5-23
Predicted cumulative distribution functions for carbon steel and C-22 failure times;
a-T case; spalling.

Figures 5-24 to 5-26 show the penetration-time curves and the CDF for the three
temperature curves, a-T, fl-T and AT for the spalling scenario. Although not calculated,
the behavior for the S-T curve would be very similar to that for A-T. As for the seepage
drip scenario described above, the carbon steel corrosion performance is even worse for
the J3-T and A-T cases than for a-T case, since, due to the more rapid cooling the onset of
the cycle of HAC and AQC, which constitute our spalling scenario, starts earlier.
Despite this poorer carbon steel performance, the overall performance of the waste
package is only slightly worse for the P-T scenario than for the a-T case, and
significantly better for the AtT case. For the P-T case, the more rapid cooling means
carbon steel failure does not occur until a temperature of 950C. Consequently, the
subsequent crevice corrosion of the C-22 is not as rapid as for the a-T case. The
maintenance of the waste package temperature at 950C for an extended period (f3-T
curve, Figure 5-7) compensates for this lower rate leading to approximately similar
failure times for the overall waste package for both the ca-T and f1-T cases.

For the -tT case, the poor performance of carbon steel is irrelevant since failure,
although occurring rapidly, exposes the C-22 only at temperatures (67C to 780C) below
the T4, value. The general corrosion rate of the C-22 is low enough under these
conditions to yield waste package lifetimes in excess of 10i years, Figure 5-26.

5-47



WASTE PACKAGE PERFORMANCE (D. W. Shoesmith and M. Kolar)

0)

100000

80000

60000

40000

20000

0
400 800 1200 1600

t (a)

Figure 5-24
Predicted penetration (Dg) - time (t) curves for carbon steel; spalling.
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Figure 5-25
Predicted penetration (Dg) - time (t) curves for C-22; spalling.
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Figure 5-26
Predicted cumulative distribution functions for C-22 failure times; spalling.

While the extremely short waste package lifetimes predicted for the fringe of the
corrosion rate distributions (i.e., the 95' percentile for the oc-T and ,B T curves) should
not be taken as meaningful predictions, they do reinforce the points made when
discussing the predictions for the seepage drip scenario, i.e. that extended exposure of
the C-22 at high temperatures while aggressive aqueous conditions persist is the most
likely scenario for the "rapid" waste package failure. They also highlight the problems
which arise due to a poor understanding of the crevice corrosion of C-22, especially the
temperature dependence.

Fin.1 Effect of Water Radlolysis

The suspicion has persisted that failure of the waste packages will be significantly
accelerated by the influence of water radidlysis, despite the well established short
duration of significant radiation fields. To demonstrate that the influence of radiolysis
will be negligible we have performed a sensitivity analysis in which the value of the
radiation-induced corrosion enhancement factor, f. in Equation (5-3), has been varied
over the range 0 to 200. This range covers the range oif observed enhancements
obtained for carbon steel and copper at extremely high dose rates; i.e., 103 to 10' times
the highest dose rate of 120 R/hour calculated for the surface of the waste package.
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The results of these calculations are given in Table 5-13 for the &T curve only. The
tables for the other temperature curves are not induded, since the influence of
radiolysis is effectively negligible. For the a-T curve no calculated influence is
observed even for f. = 2 x 10S. For the VST and y-T curves the influence of fR = 200 is to
shorten the carbon steel lifetimes by about 10 to 20 years (in - 3000 years) and the C-22
lifetimes by 20 to 60 years (in 270,000 to 460,000 years). The influence of radiolysis for
waste packages experiencing the 8-T profile is observable but still insignificant,
Table 5-13.

For those packages which experience initial hot dry periods (a-T and VT), radiation
fields have decayed to innocuous levels before water returns and before any radiolytic
influence on corrosion rate can occur. Even for packages cooling according to the y-T
curve, the initial dry out period appears sufficient for radiation decay to render
radiolytic effects insignificant.

Waste packages cooling according to the ST curve represent the worst possible case for
radiolysis effects, providing we assume that, despite the influence of ventilation, the
packages can support aqueous corrosion. The temperature for this situation spends the
first - 1000 years in the range where the carbon steel corrosion rate, as a function of
temperature, will be a maximum (40'C to 800C). Consequently, the application of a
large radiolysis enhancement factor (fj) should exert the maximum possible influence.
Clearly, a radiation half life of -30 years is sufficient to render radiolysis negligible even
for these adverse conditions.

Table 5-13
Effect of the Radiolysis Factor (fI) on the Predicted Waste Package Lifetimes for Packages
Cooling Along the 8-T Curve (Figure 5-7)

fm, (tN) F)
0 2843 487,543

3 2835 487,525

5 2830 487,513

10 2817 487,485

15 2805 487,457

20 2794 487,430

200 2510 486,765

5.5.2 Location of Corrosion Failures

A number of issues which cannot be quantitatively addressed by our model remain to
be discussed. These are; (i) the site of the first failure; (ii) the distribution of failure sites
across the waste package as a function of time; and (iii), the dimensions of the failure
site. The first two are system and site specific issues which cannot be adequately
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addressed by laboratory experiments and the third has received little attention, with the
exception of cracking processes, in corrosion science and engineering. Consequently,
the following discussion is, by necessity, speculative and qualitative in nature.

Our model predictions clearly show that the establishment of aqueous conditions in the
presence of seepage drips is the fastest environmental pathway to waste package
failure, since it is the pathway by which the more rapidly penetrating localized
corrosion processes can be established. In the absence of such drips, aqueous corrosion
conditions can only be established by condensation of moisture from an atmosphere of
high RH within the repository drifts. This bulk water layer is more likely to be retained
on the top of the waste package than on the sides, where convective drainage might be
expected to occur. This last process would then lead to the retention of water at the
junction between the package and the pedestal under the package. Consequently, sites
on the top and bottom are the most likely to sustain aqueous corrosion damage and,
hence, to be the eventual failure sites. A major difference in corrosion rate is unlikely to
be sustainable at these two sites, and any time lag between failure at the top or bottom
is likely to be short compared to the long package lifetimes expected. Since corrosion is
general in nature, failure is likely to create an aperture of reasonable dimensions on the
waste package surface.

When seepage drips contact the package, the conditions for localized corrosion of both
the outer carbon steel barrier and the inner C-22 barrier can be established. This
involves the formation of saline deposits due to wetting/drying cycles. These deposits
are most likely to accumulate at the top and bottom of the waste package, since deposits
formed on the more nearly vertical sides of the package will be washed to the bottom as
the wetting/drying events succeed each other. As a consequence, the localized
corrosion sites are most likely to initiate on the top or bottom of the waste package.
This is particularly so for the C-22 inner barrier, since initiation of crevice corrosion
requires the establishment and long term retention of specific chemical conditions.

Once initiated, crevice corrosion is more likely to propagate on the top rather than the
bottom of the waste package, since gravitational effects will maintain the required
concentrated conditions on the top, but drain them on the bottom. If crevice corrosion
were to propagate to failure, then there could be a substantial difference between the
times to failure at the top and bottom, and this could have major implications for the
modeling of subsequent fuel alteration and radionuclide release models.

The propagation of the crevice corrosion of C-22 to failure is unlikely for a number of
environmental and materials reasons. Firstly, the form of the growth law used in
calculations leads to predictions that crevices will propagate to a limiting depth and
then effectively stop. For propagation to achieve failure, extreme, and almost certainly
unreasonable, growth rates have to be assumed. Consequently, even when crevice
corrosion occurs, eventual failure is very probably going to be by general corrosion.
Secondly, for crevice corrosion to lead to failure, or even substantial penetration before
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stopping, the concentrated chemistry required at the creviced site must be maintained
by a persistent supply of water. This would require regular seepage drips at that
particular site for long periods of time. A wide distribution of regular seepage drips
would not meet this condition, and would be more likely to lead to a series of creviced
sites where propagation was limited. By contrast, the crevice site on the bottom of the
package, between the package and the pedestal, is more likely to remain wet for a
longer period of time since it could collect water from a wide area of the waste package
surface. Finally, the development of the concentrated chemistry required for crevice
corrosion is expected to be difficult [WPDEE 1998], making the initiation of crevice
corrosion at any site on the package a rare event.

For all these reasons it seems unlikely that failure at the top and bottom of the waste
package would be widely separated in time. Also, since the very large majority, if not
all, failures will be by a general corrosion process, it is likely that the failure will not be
a pit aperture but a wider opening.

5.6 Sensitivity Calculations

Many uncertainties, and the sparseness of available corrosion databases lead to the
adoption in our calculations of a large number of conservative assumptions. Here, we
review the nature of the most conservative of these assumptions, and where deemed
appropriate, calculate the consequences of their relaxation. The majority of these
assumptions were adopted to cover the difficulties in specifying the exposure
environment, particularly the frequency, volume, location and chemical implications of
seepage drips, and in defining the corrosion performance of the inner barrier, C-22. The
major conservatisms adopted are the following.

(i) All waste packages which experience seepage drips leading to the exposure of
the C-22 to aqueous conditions while the waste package temperature is above a
threshold value of 800C are assumed to experience crevice corrosion. The
WPDEE process placed the probability of establishing the required aggressive
environment at a site on the package, and then initiating a crevice at that site, at a
low value in the region of 0.005. However, since the number of such sites cannot
be specified, it is difficult to say that there will be no such site on a package,
making this assumption a difficult one to relax.

(ii) The values of the growth constant (B) and time constant (n), which define the
form of the crevice growth law for C-22, equation 16, were given conservative
values. A value of n = 0.5 was used, equivalent to assuming that crevice stifling
factors, other than diffusive and IR effects, are not important. For C-22, a
material metallurgically designed and fabricated to resist localized corrosion,
such factors undoubtedly will be important. The values of B used, Table 5-5,
were estimated from a limited set of crevice corrosion data produced by Haynes
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[1987b], and the values for the C-4 alloy were used to define the mean value in
crevice growth calculations. The improved C-22 alloy would be expected to
exhibit better corrosion performance than this. In the calculations presented
below, the influence on predicted package lifetimes, of varying B and n,
separately and together, are assessed.

(iii) A threshold temperature (TV) of 800C was adopted for the C-22 alloy below
which it was assumed no crevice corrosion could occur. This was the critical
crevice corrosion temperature measured [Haynes 1987a] for the C-276 alloy, a
value of -100C having been obtained for C-22, Table 5-2. Since the primary
function of the carbon steel, when considered as a corrosion barrier, is to protect
the C-22 until the package temperature falls below TC, an increase in To, would
mean a poorer corrosion performance of the carbon steel could be tolerated
without exposing the C-22 to crevice corrosion conditions. Alternatively, if the
performance of the carbon steel is improved sufficiently, then the possibility of
crevice corrosion would be eliminated all together. Below, the raising of Tc, to a
value of 90'C is assessed.

(iv) The biggest conservatism in our treatment of the corrosion performance of
carbon steel, ignoring for the moment the possibility of spalling, was the use of a
time exponent, n = 0.5, in the pitting growth law, equation (5-7). The use of this
value ignores those stifling effects clearly observed in the pitting data recorded
in soils with poor moisture-retaining properties, when a measured value of n =
0.26 was obtained [Mughabghab and Sullivan 1989]. Under the limited and/or
intermittent aqueous conditions anticipated at Yucca Mountain a similar stifling
due to poor retention of moisture could be anticipated. We have calculated
below the joint effect of increasing the temperature threshold ( T) and assuming
a lower exponent for the time dependency of pit penetration of carbon steel.

Our calculations (above) show that the avoidance of crevice corrosion of the C-22 is the
key to obtaining long waste package lifetimes. For this process to occur, the package
must be subject to seepage drips. Since the waste package temperatures fall rapidly, or
are never above Tc,,, for the y-T and ST temperature profiles, crevice corrosion is not
observed for these conditions, and only the a-T and P-T profiles need to considered
when assessing the effect of changing the values of parameters that control the crevice
corrosion of C-22. Consequently, all the calculations below are for the a-T and P-T
profiles in the presence of seepage drips.

5.6.1 Variations In The Value Of MIn The C-22 Crevice Growth Law, Equation
(5-16)

Figures 5-27 and 5-28 show the penetration-time plots for C-22 for various values of n
and the a-T and 13-T temperature curves, respectively. The carbon steel behavior under
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these conditions is the same as that shown in Figures 5-12 and 5-16. These plots are for
the mean value. The influence of a decrease in n is clearly apparent, more so in the P-T,
than in the a-T, case. As discussed in the main text (predominantly for Figure 5-14), the
parallel nature of these penetration plots at longer times is attributable to the different
exponents in the crevice growth law ( 0.25 • n < 0.5 in equation (5-16)) and the general
corrosion penetration law, equation (5-14), for which the time exponent is one. While
penetration by crevice corrosion dominates at short times, it is eventually overtaken at
longer times by the linear general corrosion process. The parallel nature of the curves at
long times is due to domination of the overall wall penetration rate by the general
corrosion.

The constant difference between the curves at longer times is, therefore, a measure of
the limiting depth of wall penetration by the crevice corrosion of C-22. Clearly, this
limiting depth decreases as n decreases, the influence of n being more dramatic for n 2
0.35 than for smaller values. Thus, for the a-T profile, the extent of crevice penetration
is predicted to decrease from -10,000 pm (50% wall thickness) to -5000 pm (25% wall
thickness) as n decreases from 0.5 to 0.25. For the P-T profile the effect is more
dramatic, the extent of crevice penetration decreasing from -15,000 plm (75%/6) to -7000
pm (35%).
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Figure 5-27
Predicted penetration (Dg) - time (t) plots for C-22 as a function of the value of n In
the crevice growth law (equation 16); a-T case; seepage drips.
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Figure 5-28
Predicted penetration (Dg) - time (t) plots for C-22 as a function of the value of n In
the crevice growth law (equation 16); P-T case; seepage drips.

Figures 5-29 and 5-30 show the cumulative distribution functions for various values of n
for the a-T and P-T profiles, respectively. Of major interest in these profiles is the
influence of n on the lower percentile values; i.e., the improbable early waste package
failures. For the a-T profile for the 5V percentile the predicted waste package failure
time increases from 36,318 years (n = 0.5) to 137,293 (n = 0.25). For the P-T profile the
effect of decreasing n at the 5f percentile is to increase predicted lifetimes from 4854
years (n = 0.5) to 107,988years (n = 0.25). If such a decrease in n can be interpreted as a
measure of the influence of crevice stifling due to the metallurgical factors we believe
will operate, then their influence on waste package lifetimes will be major. This
dramatic improvement in corrosion performance due to stifling is achieved despite the
retention of a substantial B value (the crevice growth constant in equation (5-16)); i.e., it
is a measure of the expected influence of repassivation on a crevice that would
propagate at a substantial rate if stifling/repassivation did not occur.
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Figure 5-29
Predicted cumulative distribution functions for C-22 failure times as a function of
the value of n In the crevice growth law (equation 16); a-T case; seepage drips.
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Figure 5-30
Predicted cumulative distribution functions for C-22 failure times as a function of
the value of n In the crevice growth law (equation 16); P3-T case; seepage drips.
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5.6.2 Variations In The Value Of B In The C-22 Crevice Growth Law, Equation
(5-16)

Figure 5-31 shows the influence of decreasing the value of the crevice growth constant
(B) while maintaining a value of n = 0.5 in equation (5-16), on the predicted penetration-
time plots for the a-T profile. In this figure, the lowest plot (- e - * -) shows the
predicted effect on the C-22 penetration profile of the combination of a low growth
constant and a low time exponent (n = 0.35). A similar set of plots could be shown for
the P-T profile. The penetration curve for carbon steel plotted in Figure 5-31 is the same
as that plotted in Figure 5-12. Although more difficult to appreciate on a log-log plot
than on a linear-log plot, the influence of decreasing B on both the shape of the
penetration curve and the maximum penetration depth can be seen. As the value of B
decreases the rapid "early" penetration by crevice corrosion slows and the maximum
depth of penetration achieved decreases. The change in slope of the C-22 penetration
plots at t > 10years represents the time beyond which penetration by the general
passive corrosion process (cc t1) dominates since penetration by crevice corrosion (oc t05)
has become negligible.
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Figure 5-31
Predicted penetration (Dg) - time (t) plots for carbon steel and C-22 as a function of
the values of B and n In the crevice growth law (equation 16); carbon steel plot
(from Figure 12); B set 0 (Table 6); B set I (Table Al); B set 2 (Table A2); a-T case;
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The cumulative distribution plots of failure times for the a-T and 13-T profiles are shown
in Figures 5-32 and 5-33, respectively. The failure times at the 5t' percentile limits are
significantly increased as the value of B, and hence the rate of crevice propagation,
decreases. For the a-T profile, the improvement in predicted lifetimes at this limit is
from 36,318 years (original B value set, Table 5-6) to 95,165 years (B value set 1, Table 5-
7 and 130,767 (B value set 2, Table 5-8). If B value set 2 is used with n = 0.35, then the
predicted lifetime at this limit is improved to 148,221. For the J3-T profile, the
improvement at the 5" percentile is from 4854 years (original B value set, Table 5-6) to
45,516 (B value set 1, Table 5-7) and 97,351 years (B value set 2, Table 5-8). If B value set
2 is used with n = 0.35 for the P-T profile, then the predicted lifetime at this limit is
124,907 years.
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Figure 5-32
Predicted cumulative distribution functions for carbon steel and C-22 failure times
as a function of the values of B and n in the crevice growth law (equation 18);
carbon steel plot (from Figure 5-15); B sets 0, 1, and 2 from Tables 6, Al and A2,
respect
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Figure 5-33
Predicted cumulative distribution functions for carbon steel and C-22 failure times
as a function of the values of B and n In the crevice growth law (equation 16); B
sets 0, 1 and 2 from Tables 6, Al and A2, respectively; S-T case; seepage drips.

5.6.3 Variations In The Threshold Temperature, T.., And The Value Of N In The
Carbon Steel Pit Growth Law (Eq. 5-7)

In these calculations, the value of TQc was increased to a value of 900 C. If a value of Tc =
1000C, as measured by Haynes 11987a, Table 2], was used then localized corrosion of C-
22 was predicted never to occur under seepage drip conditions. For the drip scenario,
carbon steel failures occur around temperatures of 90-929C for the a-T profile and
around -959C for the P-T profile. Consequently, the use of a value of Tac = 900C leaves
open the possibility of crevice corrosion of C-22 and allows us to assess the impact of
changes in the carbon steel pit growth process, which dictates the carbon steel failure
times.

Figure 5-34 shows the effect on the carbon steel penetration profile, for the P-T profile,
of decreasing the time exponent, n, in the pitting growth law, equation 7. A similar plot
for the a-T profile could be shown. Since the growth constant (kr) in the pit growth law
remains unchanged, the initial pit growth rates are the same, but at longer times the pit
depth achieved is limited severely as the time exponent, n, decreases. The change in
slope for t between 103years and 104 years (Figure 5-34) shows when penetration by the
general corrosion process begins to dominate over penetration by pitting. It is clear
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from the figure that pit penetration of the carbon steel is severely limited for n = 0.3,
and that this process would no longer be the dominant process determining when
carbon steel failure occurs. Given that the value of n for natural soils is as low as 0.26
[Romanoff 1957], this value of 0.3 is not an unreasonable expectation for the conditions
anticipated in Yucca Mountain.

The influence of increasing TCC to 900C, and decreasing the exponent in the carbon steel
pit growth law, on the cumulative distribution of package failure times for both the
carbon steel and the C-22 is shown in Figures 5-35 and 5-36, for the a-T and O3-T profiles,
respectively. For carbon steel the predicted lifetimes improve from a few thousand
years (Tac = 809C, n = 0.5) to nearly 104 years (TCC = 900C, n = 0.3). This has a major
influence on the predicted failure times for the C-22, no failure being predicted for t <
105 years. In fact a decrease in the n value to only 0.4 is sufficient to achieve this
predicted improvement in overall carbon steel performance. Clearly, only a slightly
less conservative carbon steel pit growth law is sufficient to effectively eliminate the
crevice corrosion of C-22, even for the most dangerous scenario represented by the P-T
profile, if a threshold for crevice corrosion of C-22 as high as 900C can be accepted.
Such a value does not seem an unreasonable expectation for the alloy C-22.
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Figure 5-34
Predicted penetration (Dg) - time (t) plots for carbon steel as a function of the
value of n In the pitting growth law (equation 7); TCC = 900 C; fl-T case; seepage
drips.
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Figure 5-35
Predicted cumulative distribution functions for carbon steel and C-22 as a function
of the value of n In the pitting growth law (equation 7); B set 0 (Table 6); Tcc_900 C;
a-T case; seepage drips.
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Figure 5-36
Predicted cumulative distribution functions for carbon steel and C-22 as a function
of the value of n In the pitting growth law (equation 7); B set 0 (Table 6); P-T case;
seepage drips.
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5.6.4 Summary of Sensitivitles

These sensitivity calculations clearly indicate that long waste package lifetimes (> 105
years at the 5 ' percentile of the cumulative distribution of failure times) can be achieved
if some of the conservative assumptions used in calculations are relaxed.

In particular, if more reasonable values of n and B in the crevice growth law (equation
16) are used, then the importance of crevice corrosion of C-22 in determining waste
package failure times becomes unimportant. The values of B and n required to render
crevice corrosion unimportant are very reasonable considering the metallurgical
properties of the C-22 alloy. This is particularly so for n. The use of a value of n in the
range 0.3 to 0.4 leads to an insignificant number of failures for times < 10'years. Such
values, or even lower ones, are to be expected for alloys such as C-22 for which
repassivation of localized corrosion sites will be driven by the metallurgical features of
the alloy.

Even when the conservative values of B and n are retained in the crevice growth law
(eq. 5-16), only a small improvement in the corrosion performance of the carbon steel,
coupled to the adoption of a slightly less conservative value Tc, the threshold
temperature below which C-22 is assumed immune to crevice corrosion, is required to
eliminate crevice corrosion. The use of a less conservative pit growth law (eq. 5-7) in
which n = 0.4 is sufficient to achieve this. This value is still larger than the value of n =
0.26 measured in soils with poor moisture retaining properties, conditions expected to
be similar to those anticipated at Yucca Mountain.

Table 5-14
Distribution of Growth Constant (B) Values for the Crevice Corrosion of C-22 (Eq. 5-16); B
Value Set 1.

Percentile B (750C) B (250C)
6inmlyear1') (gmlyear1")

5 2.27 0.045
20 13.37 0.24

35 19.69 0.355

50 25.00 0.45

65 29.78 0.556
80 35.47 0.68

95 45.45 0.9
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Table 5-1 5
Distribution of Growth Constant (B) Values for the Crevice Corrosion of C-22 (Eq. 5-16); B
Value Set 2

Percentile B (750 C) B (250C)
(jurr~year0') (grrmyear")

5 0.9 0.018

20 5.34 0.097

35 7.87 0.142

50 10.0 0.18

65 11.87 0.222

80 14.09 0.272

95 18.0 0.36

5.7 Summary And Conclusions

A model to predict the corrosion performance of waste packages, comprising a 10cm
thick outer barrier of carbon steel and a 2cm thick inner barrier of C-22, has been
developed. This model encompasses three different repository scenarios; no seepage
drips, seepage drips, and carbon steel corrosion product spalling as a consequence of
seepage drips. The model is developed for four different waste package temperature-
time curves representing different waste package environments within the repository.

For carbon steel, the process of general corrosion, under both humid air and aqueous
conditions, and pitting are considered. For C-22, both general corrosion and crevice
corrosion are considered, with crevice corrosion deemed possible if the C-22 is exposed
while the waste package temperature exceeds 800C. The processes of MIC and
radiolytic corrosion are incorporated by the use of enhancement factors. In the case of
radiolytic corrosion its influence is assumed to be proportional to the gamma dose rate
at the surface of the waste package and decays with time.

If the contact of seepage drips with the waste packages is avoided, then extremely long
lifetimes, in excess of 106 years, are predicted. This would suggest that the adoption of
any engineering option to avoid contact between drips and waste packages would be a
good idea. When drips do contact the waste packages, overall lifetimes are still
predicted to exceed 3x10' years. The one exception to this general conclusion is the
poorer overall performance of the waste package for the A-T case. In this case the more
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rapid cooling of the packages due to the weak focusing of the water flow pattern in the
repository leads to the earlier failure of the carbon steel while the waste package
temperature is above the 800C threshold for crevice corrosion of C-22. Subsequently,
the temperature is maintained above 800C for a long time making it possible (although
unlikely) that the C-22 will incur substantial crevice corrosion damage. The obvious
conclusion from the predictions is that exposure of the waste package to hot (>800C)
aqueous corrosion conditions could lead to substantial corrosion damage and
potentially failures at times < 104 years.

For the AT and the A-T cases, for which temperatures are inevitably <1000C, the
corrosion performance of the carbon steel is significantly worse than for "hot" packages
(a-T and S3-T cases). This is a consequence of the rapid establishment of aqueous
corrosion conditions. Despite the rapid failure of the carbon steel outer barrier (<1000
years) the overall package lifetime are > 10iyears. This is attributable to the avoidance
of crevice corrosion on C-22 which is only exposed to the aqueous environment when
T< 800C.

The very conservative model adopted for spalling predicts carbon steel outer barrier
lifetimes of a few hundred years. In the worst case (y-T for P=95%) this lifetime is
predicted to be only -300 years. As for dripping, this does not matter for cool (y -T
case) and ventilated (-T ) packages, since the subsequent slow general corrosion of the
inner barrier ensures lifetimes in excess of 105 years. For hot packages (a-T and P-T
cases), rapid failure would occur if hot aqueous conditions (i.e T > 80fC when C-22
crevice corrosion is possible) are allowed to persist for a long time.

For carbon steel, the most important corrosion process leading to failure is pitting. The
influence of MIC is of marginal importance and radiolytic corrosion is insignificant.
Except for the situation discussed above, the performance of the carbon steel is of
marginal importance in determining overall waste package performance.

For C-22, the avoidance of crevice corrosion is very important since, then, general
corrosion rates are low and long lifetimes (> 105 years) are predicted. The only
scenario that can lead to rapid waste package failure (in < 104 years) is crevice
corrosion for an extended period of time for T >900C. Unfortunately, the available data
on and present understanding of the crevice corrosion behavior of C-22 is poor. This
has lead to the adoption of very conservative limiting propagation rates ( P = 95%)
leading to the prediction of rapid failures. These predictions are almost certainly
unrealistically conservative. Only a better understanding of C-22 corrosion behavior
will allow these conservatisms to be removed.
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6
SOURCE TERM PARAMETERS (WEE ZHON, M. APPED, AND

M. STENHOWE)

6.1 Introduction

This section details technical support to the IMARC Phase4 calculations. The source
term model is described in detail in EPRI [1996], and is reviewed here in Section 6.2.
The IMARC Phase 4 study includes new parameter ranges for the near-field and
Engineered Barrier System (EBS). The reviewed and changed parameters include
sorption coefficients for each radioelement on corrosion products, spent-fuel alteration
times, instant release fractions, and revised solubilities of key radioelements. These are
presented in Section 6-2.

In addition, a special review is made to M&O's conceptual model for lowering
radioelements solubilities, especially Np solubility. This review includes evaluation of
unsaturated spent-fuel dissolution tests, and the so-called "falling film" model. This is
presented in Section 6-3. Recommendations for future work are provided in Section
64.

6.2 Review of Source Term Calculations

The computer code COMPASS, Version 2.0, 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 1991]. In this model, different regions, such as waste
form, canister corrosion-products, 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. For this reason, the simplified and yet faster-computing code using
compartment model is developed.
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The central conceptual model for the COMPASS code is shown schematically in Figure
6-1. 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 forms 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 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.

dripping

--#gravel ~
corroded canister ase backfill

co..c@cet

Figure 6-1
Schematic Representation of Approach and Attainment of Steady-State
Concentration Limits for Radloelements

A feature of COMPASS Version 2.0 is that it accounts for the effects of time-dependent
cladding failure on the matrix release. Also, the dripping water flowing around a waste
canister is considered in the advection terms in the EBS components.

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
moist-continuum cases are not treated in this set of IMARC calculations.

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
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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.

The through-flow case represents multiple failures in the canister such that
radionuclides are released by dripping water flowing through the waste (see Figure
6-1). 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 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 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.

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.
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The compartment model for through-flow model is shown in Figure 6-2. The
geometrical system for conceptual models in COMPASS is shown in Figure 6-3.
Because the conceptual models are based on the horizontal emplacement plan (see
Figure 6-1), the cylindrical coordinate system is assumed and all other EBS components
and near-field host rock are simplified as partial cylindrical shells concentric to the
waste package.

dripping

4-* diffusive pathway
-* advective pathway

FIgure 6-2
Spent-fuel unsaturated dissolution test configurations and conceptualization of the
falling film model (from M&O 1998b).
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Figure 64
Geometrical system for conceptual models In Compass.

The release is considered from radionuclide inventories in the gap and UO2 matrix of
spent nuclear fuel. The gap inventory is assumed to be released instantly. Inventories
in the UO2 matrix are assumed to be released congruently with the
dissolution/alteration of UO2 matrix. The UO2 matrix dissolution rate is assumed to be
constant. The gaseous release due to uranium oxidation prior to water contact is
neglected.

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.

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
UO2 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.

The EBS compartments mainly pertain to gravel backfill and concrete pad inside the
drifts (See Figure 6-2). In addition, the corrosion-product is included as a separate
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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.

There is an advective flux from waste form to the canister corrosion-product
compartment (see Figure 6-2). 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,
flows along the concrete fracture compartment. Due to a very low permeability in the
concrete matrix, no advection is assumed to occur in the concrete matrix compartment.
The flux 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.

For a given infiltration rate, COMPASS 2.0 evaluates the flow regime and calculates
ambient saturations in the rock matrix and fractures, as well as the equilibrium
saturations in the EBS materials. This information is required for calculating advection
and effective diffusion coefficients.

The effective continuum model used in COMPASS 2.0 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, two flow regimes are identified: matrix flow and fracture flow.

It is assumed in COMPASS 2.0 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.

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.

The numerical method applied in COMPASS 2.0 is the following. 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 time-step. The nuclide inventories in each compartment are solved at the
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beginning of each time-step, 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
step-size algorithm. For each time-step, the solution is calculated three times: once
using a full time-step, and twice using two half-steps. Then the results using the full
time-step 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
time-step is increased. If not, then the time-step is reduced, and the calculation is
repeated. This process is repeated until the required accuracy is obtained.

In summary, 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 exclusion 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.
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6.3 Parameters for Logic Trees

This Section details the choice of sorption coefficients on corrosion products for each
radioelement, reviews new data regarding alteration times of spent-fuel, provides
fractions of gap inventories for fission-product nuclides, and cites revised data for
solubilities of key radioelements.

6.3.1 Sorption of Radloelements on Corrosion Products

Sorption of a radioelement involves the interaction between the radioelement in
solution and a solid phase. In order to estimate the extent of sorption, it is necessary to
know the nature of the solid and liquid phases. Information on the aqueous phase
allows an assessment of the likely speciation for each radioelement, and whether
competition for sorption sites will be significant.

Sorption is incorporated in transport equations via the retardation parameter, R, viz.

R = 1 + pbKd/e

where Pb = bulk density of solid phase [g/ml or kg/mr];

0 = moisture content [-I.

The extent of sorption is represented by the parameter Kd which is equal to:

CS/CL

where Cs = concentration of radioelement on solid phase [mol/g or mol/kg];

CL = concentration of radioelement in solution [mol/mnl or mol/m3 ].

Although Kd is used in the transport equation to represent an equilibrium process, by
convention, the parameter Rd. is used when discussing experimental work. The two
parameters are identical in terms of method of calculation, but the use of Rd does not
imply equilibrium.

Surface complexation models have been developed to quantitatively describe
adsorption of trace elements on hydrous oxide surfaces. Laboratory studies on pure
metal (hydr)oxides, e.g. on amorphous iron (hydr)oxide (Dzombak and Morel, 1990)
have shown that sorption processes can be described successfully by surface
complexation. Honeyman and Santschi (1988) note, however, that in natural systems,
not all the parameters and reactions necessary to characterize a surface complexation

6-8



SOURCE TERM PARAMETERS (Wei Zhon, M. Apped, and M Stenhowe)

model are known or available. Thus, sorption processes in natural systems are often
modeled with an apparent overall surface reaction. For example, using such a
simplified surface complexation model, Belzile and Tessier (1990) were able to show
that dissolved concentrations of arsenic in sediment pore waters were controlled by
sorption on amorphous iron (hydr)oxide.

6.3.1.1 Assumptions

Nature of the Solid Phase

According to one of the waste disposal concepts for HLW disposal at Yucca Mountain,
the spent fuel container serving as a multi-barrier waste package will comprise two
metals:

* carbon or low alloy steel on the outside, and

* an inner corrosion-resistant material such as a Ti, Ni-Cr-Mo or Ni-Fe-Cr-Mo alloy.

Godowski and Estill (1996) studied the corrosion of carbon steel in humid air
conditions, such as those expected at Yucca Mountain after the temperature of the
canister is reduced below 100 0C. Their results indicate that aqueous film
electrochemical corrosion would result in the formation of an inner oxide of Fe304 and
an outer oxide of a powdery Fe2O3 and/or Fe20 3.xH 20.

Hence, iron oxides, principally Fe3O, and Fe2, 3 of high surface area, are expected to
dominate the corrosion products formed during degradation of such a container. Of
these, Fe304 has a narrow band of stability but should be formed preferentially,
provided the iron remains in contact with (coupled to) another metal (Shoesmith 1998).
Any Fe2 present would be expected to act as a radiolytic redox scavenger. Over long
time periods, however, given an abundant presence of oxygen (unsaturated zone), iron
would be expected to exist in a more oxidized form, i.e. as Fe2 O3or FeOOH or Fe(OH)3
depending on the amount of moisture present.

Iron oxides or hydrous iron oxides in a variety of crystalline and amorphous forms
exhibit a strong capacity to sorb most cations, particularly in the close to neutral pH
range being considered here. Typical data reveal a pH-adsorption edge in which the
quantity of trace element removed increases substantially over an approximate two pH
unit interval (Forbes et al., 1976).

The point of zero charge (pzc) for goethite is 7.6-8.1, hematite 6.5-8.6, and lepidocrocite
7.8-8.6 (Parks and DeBruyn 1962). Above the pzc, the net charge on surfaces is negative,
favoring the electrostatic attraction and subsequent sorption of cations. The extent of
this effect rises sharply with pH, thereby generating the so-called "adsorption edge".
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Nature of Aqueous Phase

The main features of the water chemistry assumed for this assessment of radioelement
sorption is shown in Table 6-1, based on the analysis of water extracted from core
samples taken from the unsaturated zone at the Yucca Mountain site. This water may
be classified as a dilute groundwater, i.e. of low ionic strength, with almost neutral pH,
not too dissimilar from percolating rainwater.

Although most of the waters at Yucca Mountain are oxidizing, the large quantity of iron
present from emplaced canisters might be expected to generate a reducing environment
which would favor significant sorption of those radioelements which exhibit redox-
sensitive behavior, i.e. Tc, U, Np. However, for the purpose of providing median K(
values for such elements, it is assumed conservatively that the water will remain
oxidizing. Reducing conditions are only taken into consideration for the Upper Values.

Another important consideration is the presence of carbonate in solution, as this species
will act as a complexant for many cations, in particular the actinides. Although
bicarbonate was not measured by Yang et al. (1990), groundwaters in the saturated
volcanic units are of a dilute Na-Ca-HCO3 type, with a bicarbonate concentration of
about 140 mg/l (Well J-13, Ogard and Kerrisk, 1984). Thus, the impact of carbonate
complexation on sorption is not expected to be significant (i.e. order of magnitude
effect) for most radioelements.

The temperature of the near field will remain high (above 100 0C) for a relatively long
time period, higher than the temperature at which most experimental sorption
measurements have been carried out. However, the typical trend is for sorption to
increase with temperature and recommendations of Kd values based on sorption data
collected at room temperature may be considered slightly conservative in this respect.
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Table 6-1
Groundwater composition In unsaturated zone at Yucca Mountain (from Yang et al, 1990).

Component Element

Ca

Mg

Na

Value (mgI)

27-127

5-21

26-70

5-16

72-100

-

K

Si

Cl

S04

HCO3

34-106

39-174

pH 6.5-7.5

Ranges of values are based on observed variation from analyses of core samples.

6.3.1.2 Discussion of Sorption of Specific Elements

In the absence of specific sorption data relating to iron oxides/hydroxides, the expected
sorption behavior of individual (radio)elements is discussed in general terms below,
based on previous examination of sorption data (Stenhouse 1995). Where quantitative
experimental data or qualitative observations involving sorption on iron oxides are
available, however, such results are used to support the general recommendations
made in Table 6-2.

The basis for the current recommendations is provided in the text for those elements
where recommended K8 values vary from a previous elicitation concerning corrosion
products (Wilson et al. 1994) by a factor >5. Differences of less than this factor should be
considered trivial.
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Table 6-2
Recommended Kd Values (ml/kg) for the Sorption of Radloelements on Corrosion
Products

Element
C

Cl

So

Sr

Cs

Ra

Ni

Zr

Nb

Tc

Pd

Sn

Pb

Ac

Th

Pa

U

Np

Pu

Am

Cm

Low Val

0.1

0.1

0.

0.1

0.

0.i
0.

0.

0.

0.

0.1

0.1

Recommended KS (m8lkg) (probability %)

lue (5%/) Median Value (90%) Upper VE
) 0 C
) 0 C

) 0.01 1

) 0 0.0(

DI 0.05 0.

DI 0.05 0.

.1 1 5

01 0.5 1

.1 0.5 1

.1 0.5 1

) 0 1

.1 0.5 1

.1 0.5 1

.1 1 5

1 10 21

1 10 21

.1 1 11

05 0.1 1

05 0.1 1

1 5 II

I 10 21

1 10 21

dlue (5%)

101

2

2

0

I

0

0

0

0

Halides (Cl, I)

The halides Cl and I are expected to exist in solution as anions under the conditions
expected at Yucca Mountain. Consequently, negligible sorption on corrosion products
is predicted. A positive but low value is given for the Upper Kd Value for iodide in
Table 6-2 to reflect the recent findings of Furhmann et al. (1998), who detected the
sorption of iodide on several minerals including magnetite and goethite.
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Carbon

It is assumed that carbon will be in solution in the form of the HCO3 - anion and no
sorption is predicted for this species on corrosion products.

Selenium

The most probable species expected in aqueous solutions are selenite SeO32 or HSeO3-
under oxidizing conditions. Parfitt and Russell (1977) observed "significant" sorption
of this element on iron oxide surfaces (Kd values not quoted).

Arsenic may be considered a reasonable analog for selenium, the former element also
existing as an anion, either H 2AsO; or HAsO4

2-. Bowell (1994) studied the sorption of
arsenic on iron oxides and oxyhyroxides in soils. In particular, he attributed the
sorption of arsenic by goethite, hematite and lepidocrocite to the speciation of this
element and to the variable surface properties of the iron oxyhydroxides and oxide,
both of which are pH dependent. Graphical presentation of sorption data indicates Rd
values of about 0.01 m 3 /kg which is the basis for the median value quoted in Table 6-2.
For the recommendation of Kd values in Wilson et al. [1994], uranium was used as a
chemical analog, given the limited data for selenium.

In a different type of experiment, van der Hoek and Comans [19961 examined the
sorption of selenium on iron (hydr)oxide in a fly ash matrix, both experimentally and
theoretically. In particular, these researchers attempted to investigate the surface
processes occurring between aqueous selenium and crystalline and amorphous iron
(hydr)oxides. The contribution to retention from crystalline iron oxide in the fly ash
was found to be relatively low. Sorption data presented in this paper suggest an Rd
value for sorption on amorphous iron (hydr)oxide of at least 10 m 3 /kg in the pH range
6 to 8, which is used as the basis for the upper Kd value in Table 6-2. Similar
experiments involving arsenic indicate a corresponding Rd value of about 3 m 3 /kg.
Based on these two values and the fact that the substrate matrix may be dissimilar
compared with corrosion products of iron, in particular available surface area, a Kt
value of 1 m 3 /kg is recommended for upper value in Table 6-2.

Alkali-earth metals (Strontium, Radium)

Both strontium and radium will exist in solution as cations (Sr?, Ra2+) and sorption of
these elements on corrosion products is expected to be higher than other minerals.
Although the extent of sorption will be influenced by the concentration of competing
cations, since in this case the J13 water is of a dilute Na-Ca-HCO 3 type, neither Ca nor
NaW is expected to affect the sorption of alkali-earth metals significantly. Radium will
sorb to a greater extent than strontium, there being an observed gradiation in sorption
behavior moving down the alkali-earth group [Stenhouse 1995].
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Dzombak and Morel [1990] successfully applied surface complexation modeling to the
sorption of strontium onto iron oxide, sorption increasing from zero at about pH 5.5 to
100% at pH 9.0.

Ames et al. [1983a] report Rd values for radium on amorphous ferric hydroxide of 1.1
m 3/kg and > 20 m 3 /kg at 60 0C and 25 0C, respectively. The effect of temperature in
this case is contrary to expectation and suggests that the nature of the solid phase
changed during the experiments. The generally high Rd values (1 to 17 m 3/kg) obtained
by Ames et al. 11983] for sorption on all (7) minerals at 250C was attributed to the
presence of iron oxyhydroxides [Stenhouse 1995].

Cesium

Similar to strontium and radium, cesium is not redox sensitive, has no tendency to
hydrolyze and a low tendency to form ion pairs. This element will exist in solution as
the free cation, Cs'. The sorption of cesium occurs by ion exchange and available
evidence indicates that this element is unaffected (i.e. not enhanced) by iron
oxyhydroxides [Bloodworth and Morgan 1989].

Nickel

In the Eh-pH range expected for the unsaturated zone at Yucca Mountain, nickel is
expected to exist in solution as Ni2 and sorption on iron oxides should be high. Surface
complexation and cation exchange are the principal sorption mechanisms for this
element [Stenhouse 1995]. Dzombak and Morel [19901 applied a surface complexation
model to their experimental data yielding a good match between prediction and
experiment. The extent of sorption increased from zero at 5.5 to 100% at pH 8.5. Given
this increase, the extent of sorption will change sharply over the pH range 6.5 to 7.5. Kd
values presented in Stenhouse [1995] for sorption of nickel on various rocks and
minerals over the pH range 6.5 to 7.5, range from 0.01 m 3 /kg to 6 m 3 /kg.

Zirconium

Zirconium exists in aqueous solution in the +4 oxidation state. In the pH range 3.5 to
6.3, the neutral species Zr(OH)4

0 is expected to dominate. Above pH 6.3, the anion
Zr(OH)5 - is expected to dominate, and a resultant decrease in the extent of sorption is
expected where ion exchange is the dominant mechanism [Salter et al. 19811. However,
surface complexation would still result in significant sorption. There are limited
sorption data available for this element to allow a clear distinction between the two
mechanisms [Stenhouse 1995]. Zirconium and niobium have been treated together in
this analysis and the Kd values quoted in Table 6-2 are based on the range of values
recommended in Stenhouse [1995].
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Niobium

The aqueous chemistry of niobium is essentially confined to the +5 oxidation state.
Although there are few experimental sorption results for this element, comparisons are
often drawn between niobium and zirconium, based on similar chemical behavior (see
text on zirconium).

Technetium

Technetium is an element that exhibits redox sensitive chemical behavior. In particular,
the sorption of the reduced form of this element [Tc(IV)] is significantly greater than
that of the oxidized form [Tc(VI)] which exists in solution as the anion TcO4. Several
studies [e.g. Vandergraaf et al. 1984, Walton et al. 1985] have suggested that in the
presence of Fe2' in the solid phase and under anoxic conditions, Tc(VI) is reduced to
Tc(IV), leading to increased sorption. This latter observation is the basis for a high
upper Kd value in Table 6-2.

Palladium

The aqueous chemistry of palladium is almost exclusively that of complex
ions/compounds. The element itself is stable in terrestrial environments and has a
strong tendency to form colloids. Few sorption data are available for this element and
the Kd values quoted in Table 6-2 are based on the range of values recommended for
this element in Stenhouse 11995].

Tin

Sn(II) species are expected to dominate in solution. For surface complexation on iron
oxyhydroxides, Baston et al. [1990] obtained maximum sorption between pH 8 and 9.
Thus, given the expected pH in the unsaturated zone at Yucca Mountain, the predicted
sorption for this element should be less than this maximum. Few sorption data are
available for this element and the Kd values quoted in Table 6-2 are based on the range
of values recommended for this element in Stenhouse [1995].

Lead

Hayes and Leckie [1986] studied the sorption of Pb2+ on goethite and, based on the
results obtained, modeled the sorption successfully as a bimolecular
adsorption/desorption reaction. Their graphical data indicated 100% sorption at pH 3

6.5, equivalent to an Rd of 1.6 m 3/kg. Accordingly, a median Kd value of I m 3 /kg was
recommended for this element.
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Lanthanides

Lanthanides are characterized by the 3+ oxidation state and are similar in this respect to
the actinides actinium and americium.

As one example, Fujita and Tsukamoto [19971 examined the sorption of europium onto
iron oxides goethite and magnetite with and without the presence of carbonate. In this
case, the presence of carbonate in solution increased the sorption of europium. These
researchers attribute the increased sorption to the existence of a surface carboxylic
group FeOCOOC which acts as a sorption site for cations such as Ei?. Experimental Rd
values for europium sorption on both goethite and magnetite were in the range 10 to
100 m 3 /kg for the pH range 6-8.

Actinides

Physical adsorption, electrostatic adsorption (ion exchange) and chemisorption have
been observed for actinide sorption in aqueous environmental systems [Allard et al.
1984].

Actinium

Few sorption data have been obtained for actinium, although americium, which has
been widely studied, is normally used as a chemical analog for this element which will
exist in the +3 oxidation state. In addition, the extent of sorption of this element is
expected to be similar to the lanthanides (see above).

Thorium

Thorium generally exhibits strong sorption on a variety of substrates and would be
expected to show similar behavior for iron oxides.

Protactinium

This element is expected to exist in the +5 oxidation state as oxy-, hydroxy- and aqua
ions in aqueous solutions. In this respect, Np might be considered a chemical analog.
On the other hand, protactinium has a strong tendency to hydrolyze, forming colloidal
hydroxo-species. Existing sorption data (none obtained for iron oxides) suggest
significant sorption, in the range 1 to 1000 m 3/kg [Stenhouse 1995].
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Uranium

Uranium exhibits redox-sensitive chemical behavior. Carbonate is a key complexant for
uranium but the concentration of this species in water in the unsaturated zone is
relatively low such that carbonate complexes are not expected to hinder sorption
significantly.

Milton and Brown [1987] obtained significant sorption of uranium on limonite
(amorphous iron oxide: 0.8/0.9 m 3/kg after one week, increasing to 2.5 m 3 /kg to 9
m 3/kg after more than one year, although the pH was higher (8.3 to 8.5) than that
expected at Yucca Mountain (Table 6-1). The bicarbonate concentrations were,
however, similar.

The upper Kd value in Table 6-2 assumes reducing conditions (see also text for
neptunium).

Neptunium

The oxidation state of Np will impact significantly the extent of sorption of this
radioelement, greater sorption being observed for Np(IV). Np(V) is the dominant
species under oxidizing conditions, existing mainly as NpO2+ and NpO2 CO in the J13
water. Bradbury and Baeyens [1991] successfully modeled the sorption of Np(V) on
mineral oxide surfaces as a surface complexation reaction. Sorption is low below a pH
of 7 to 7.5, but increases rapidly above a pH of 7.5.

There is some experimental evidence to suggest that the sorption of Np on Fe(II)-
containing minerals is greater than expected owing to the reduction of Np(VI) to Np(IV)
[Beall et al., 1980]. On the other hand, Nakayama and Sakamoto [1990] investigated the
sorption of neptunium on naturally occurring iron minerals including hematite,
magnetite and goethite, and did not observe this effect. These researchers observed a
difference in sorption behavior of these minerals, specifically a difference in pH
dependency between goethite and the other minerals. Significantly more sorption was
obtained on goethite over the pH range 6-8 (estimated Rd at pH 7 = 1 m 3/kg) than on
hematite or magnetite (estimated Rd at pH 7 = 0.05 m 3 /kg). This same trend was also
observed for lepidocrocite, another oxyhydroxide of iron. Nakayama and Sakamoto
11990] concluded that sorption occurred mainly via positively charged Np(V) species.

Allard et al. [1983] obtained an Rd value of 0.125 m 3/kg for the sorption of neptunium on
magnetite and hematite, which is the basis for the median value shown in Table 6-2. An
even higher Rd value, 3.2 m 3/kg, was obtained for sorption on limonite. The upper Kd
value in Table 6-2 assumes reducing conditions.
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Plutonium

Oxidation state and speciation are particularly important with regard to plutonium
sorption. This element exists predominantly as Pu(IV) for both oxidizing and reducing
conditions. A combination of sorption mechanisms (surface complexation, cation
exchange, chemisorption) has been observed for this element, but under the
groundwater conditions of relevance to Yucca Mountain, surface complexation of
neutral species is expected to occur [Allard 1982]. The sorption data quoted in
Stenhouse [1995] were used as a basis for providing the recommended Kd values quoted
in Table 6-2.

Americium

Americium sorbs strongly in the pH range 7 to 8 predominantly by physical adsorption.
An experimental Rd value of 10 m 3 /kg was obtained for the sorption of americium on
tuff. Thus, for sorption on iron oxides, a Kd of at least this value is predicted.

Curium

Curium is expected to exhibit sorption behavior similar to that of americium. Sheppard
et al. [1976] examined the sorption of this element on soils and noted that iron and
manganese oxides were effective scavengers.

6.3.1.3 Recommended Kd Values for Different Elements

The recommended Kd values for different elements are presented in Table 6-2. Three
separate recommendations, together with subjective probabilities are provided for each
element

* the best estimate (probability 90%), shown in the middle column;

* a lower estimate (probability 5%), and

* an upper estimate (probability 5%),

It is emphasized that the recommendations and associated probabilities are subjective,
generally provided in the absence of experimental data on the specific solid phase
predicted from container corrosion. The three K, recommendations for each element
have been made on a sorption basis and on the assumption that the corrosion products
are available for sorption.

We would emphasize that the significance of the range of Kd values quoted for each
element in Table 6-2 should be tested via sensitivity analysis. In this way, critical
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elements in terms of dose consequence may be identified so that further effort on
"improving" sorption values, either experimental or theoretical, can be identified.

6.3.2 Elemental Solubilities

This section reviews recent data on radioelement solubilities used in performance
assessments (PA) for spent fuel and HLW. Based on these data and previous estimates
[Apted and Zhou, 1995], a revised set of values and distributed probabilities for
radioelement solubility is provided.

6.3.2.1 Previous Solubility Values

Table 6-3 presents the previous distributions for radioelements solubilities lApted and
Zhou, 1995, Table 3-1]. These data are in moles/liter, as are all remaining data cited in
this section.

Table 6-3
aBest Estimate* Values for Solubilities (In molesfliter) of Key Radioelements. Probabilities
are In parentheses ().

Element Low Value
(Probability)

Median Value
(Probability)

High Value
(Probability)

Ac

Am

Cs

l

Np

Pa

Pb

Pu

1 E-10 (5%h)

1 E-13 (5%)

9 E-6 (5%)

8 E-6 (51%)

5 E-6 (5%)

2 E-8 (59%)

1 E-8 (5%)

1 E-10 (5%h)

1 E-10 (5%)

1 E-3 (5%h)

3 E-7 (5%)

1 E-10 (5%)

1 E-8 (5%)

3 E-9 (90%)

1 E-7 (90%)

3 E-3 (90%)

1 El (90%)

1 E-4 (90%)

3 E-6 (90%/6)

3 E-7 (90%)

1 E-8 (90%)

1 E-8 (90%)

1 E-2 (90°%)

1 E-3 (90%)

3 E-9 (90%)

3 E-5 (9010)

1 E-7 (5%/6)

1 E-6 (5%)

1 E-2 (5%h)

2 El (5%/6)

7 E-3 (5%)

6 E-4 (5%)

1 E-5 (59%)

1 E-6 (59%)

1 E-6 (59%)

7 EO (5%h)

1 El (51%)

1 E-7 (5%)

2 E-4 (5%O)

Ra

Se

TC

Th

U
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6.3.2.2 Issues Regarding Radioelement Solubility Values

There are certain caveats that must be noted in using such international solubility
studies to revise or update Table 6-3 on radioelement solubility values for Yucca
Mountain.

First, radioelement solubilities are sensitively dependent on environmental conditions,
especially groundwater chemistry. For many international data sets, reducing
conditions are assumed. Under reducing conditions, a number of radioelements (e.g.,
U, Tc, Se) display significantly lower solubilities than under the oxidizing conditions at
Yucca Mountain. Ionic strength, pH and concentration of anions or complexants are
also variable factors that can influence predictions of solubilities.

Secondly, the actual solubility value cited in many international PA reports depends on
(unstated) assumption of certain minerals as the solubility-limiting solid phases. In
many cases, the assumption of dominant solution species also affects the calculated
solubility value that is reported. In this limited study, neither alternative solubility-
limited phases nor alternative solution species are considered.

Thirdly, the purpose of PA studies can influence the values selected for the study. For
example, in a scoping PA calculation, overly pessimistic solubility values might
purposefully be selected in order to test the "robustness" of the isolation system.
Conversely, in PA studies intended to show compliance with expected regulatory limits
on safety, more realistic (lower) solubility values would be selected. Given the "fault
tree" structure to the IMARC code, in which "low", "medium", and "high" values are
identified, the "high" value might correspond to the first purpose of scoping, while the
"low" value might correspond to the latter purpose.

Fourthly, stable elements for certain radioelements occur in spent nuclear fuel. Their
simultaneous release and isotopic dilution of radioactive isotopes should be considered
in calculation of shared solubility conditions. Table 6-4 lists the abundances of such
stable isotopes [Vieno and Nordman, 1996].

Table 6-4
Stable nucilde Inventories that should be taken Into account in calculating the shared
Isotopic solubility limit for certain radloelements.

Radloelement Source (LWR) Amount (moles/IMTU)
Ni Structural parts 110
Zr cladding 3000
Zr U02 38
So U02 0.66
Pd U02 13
Sn U02 0.60
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Finally, solid-solution substitution of trace radioelements into the dominant U-bearing
alteration solid, rather than formation of separate, compositionally pure solids for each
radioelement, is a more credible conceptual model for establishing solubility limits for
radioelements. Such an approach, intimated but not implemented in the M&O study on
Np solubility reviewed in the next subsection, is feasible and has begun to be applied in
a preliminary way by QuantiSci for the Swedish repository program [Bruno et al., 19961.
Such an approach, revised for the specific situation at Yucca Mountain, would likely
lead to defensible estimates for radioelement solubility limits that are several orders of
magnitude lower than the values presented here.
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6.3.2.3 Radioelement Solubilities Cited in Other PA Reports

Table 6-5 lists the best estimate or preferred values for radioelement solubilities in
recent PA reports from Finland, Sweden, Switzerland, Canada, and other countries.

Table 6-5
Radloelement Solubility Data (Moles/Liter) from Recent Performance Assessment Reports

PG-85a SKI-9Ob SK13-91V K~ld TVO-92" PNC/H-3t SITE 94' PNCI
H-12h

TILA-96'

Am 1.e-2 4.e-7 2.e-8 1.e-5 2.e-9 6.e-9/ 6.3-9/ 2.e-8/
3.e-8 1.e-8 9.e-7

2.e-9

Cm 1.e-2

Ni 1.0-4

--- 1.e-5 ---

--- 1.e-4 high 1.e-3

-- --- 4.e-10/
4.e-6

-- 2.e-3 1 4.e-4 /
6.e-3 2.e-1

1.e-3

Np 1.e-8 4.e-9 2.e-9 1.e-8 2.e-9 5.0-9/
6.e-9

Pa 3.e-6 2.e-8 4.e-7 1.e-7 1.e-5 --

2.e-9 5.e-9 2.e-5

--- 2.e-9 1.e-5

Pd 1.e-8 -- 2.e-6 1.e-6 1.e-6 4.e-6 -- 2.e-9 1.e-6

Pu 3.e-7 4.e-8 2.e-8 1.e-6 6.e-7 2.e-4 / 1.e-9/ 1.e-9 /
3.e-2 7.e-9 9.e-5

1.e-8

Ra 1.e-8 -- 1.e-6 1.e-10 1.e-4 -- 5.e-8 / 1.e-121/
8.e-8 1.e-1 0

1 .e-4

Se 1 .e-8 3.e-8 1.8-9 6.e-7 4.e-6 7.e-10 /
8.e-7

5.e-8 1.e-8 /
5.e-5

high

Sn 1 .e-9 1.e-11 3.9-8 1.e-5 3.e-8 2.e-8 2.e-8 3.e-9 I 3.e-8
1.8-8

Tc 3.e-8 2.e-9 2.e-8 high 3.e-8 4.e-8 3.e-8 1.e-7 high

Th 3.e-6 2.e-9 2.e-10 1.e-7 2.e-10 6.e-4 4.e-6 3.e-7/ 2.e-IC
1.e-5

I

U 1 .e-9 4.e-8 2.e-7 7.e-5 3.e-6 3.e-5 /
4.e-5

1.e-5 8.e-9 /
6.e-8

3.e-4

Zr 1.e-9 1.e-10 2.e-11 5.e-7 -- 3.e-11 /
3.e-8

6.e-10 9.e-10 /
1 .e-8

1.e-7

a-[cited in McKinley and Savage, 19961; b-reducing conditions in groundwater [SKI, 1991; c-fresh, reducing Finnsjon
groundwater [Bruno and Sellin, 1992t; d-provisional data for Kristallin 1 [cited in McKinley and Savage, 1996]; e-
non-saline, brackish, synthetic, and MX-80 bentonite-quilibrated porewater [Vuorinen and Leino-Forsman, 1992]; f-
range of conservative (except for Sn) solubilities among FRHP, FRLP, SRHAP, SRLP groundwaters equilibrated with
Kunigel bentonite [PNC, 1992]; g-conservative values in reference (reducing) groundwater or reference groundwater
equilibrated with MX-80 bentonite [Arthur and Apted, 19961; h-range of conservative values among FRHP, FRLP,
SRHAP, SRLP and MRNP groundwaters equilibrated with Kunigal bentonite [Yui and Shibutari, 19971; i-TILA-96
[Vieno and Nordman, 1996].
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6.3.2.4 Revised Solubility Values for Yucca Mountain

Table 6-6 presents revised values for radioelement solubilities for use in PA calculations
for Yucca Mountain. Each specific radioelement is summarized below. For many
radioelements no, or only slight changes, are suggested. Where changes are
recommended, possible consequences on dose calculations are noted.

Table 6-6
Revised Best Estimate Values for Solubilities (in Moles/Liter) of Key Radloelements.
Probabilities are in (parentheses). Revised values are shown In bold Italics.

Element

Ac

Am

Cs

l

Np

Pa

Low Value
(Probability)

1 E-10 (5%)

2 E-9 (5%)

9 E-6 (5%)

3 EO (5/)

6 E-7(5%)

6 E-7 (5%)

1 E-8 (5%)

Median Value
(Probability)

1 E-6 (90%.)

1 E-8 (90%)

3 E-3 (90%/6)

1 El (90%)

6 E-6 (90%)

6 E-6 (90%)

3 E-7 (90%)

High Value
(Probability)

1 E-7 (5%/6)

1 E-6 (5%h)

I E-2 (5%h)

2 El (5%)

1 E-4 (5%)

1 E-4 (5%)

1 E-5 (5%h)

6 E-7 (5%)

1 E-6 (5%)

7 EO (5%)

1 El (5%h)

1 E-6 (5%)

2 E-4 (5%)

Pb

Pu

Ra

Se

TC

Th

U

1 E-10 (5%)

1 E-10 (5%)

1 E-3 (5%)

3 E-7 (5%h)

1 E-10(596)

1 E.5 (5%)

1 E-8 (90%)

1 E-8 (90%)

1 E-2 (90%)

1 E-3 (90%)

3 E-9 (90%)

3 E-5 (90%)

Actinium (Ac)

Recent studies suggest a slightly higher median value for the estimated solubility of Ac,
although most such studies are based on analogy to Am. Ac release is likely controlled
by solubility of parent nudlides and not its own.

Americium (Am)

The distribution lower bound is now four magnitudes higher, but the median value has
decreased by one order of magnitude. These values are more in alignment with recent
international values [McKinley and Savage 1996; also see Table 6-5]. This decrease in
the median value will lower releases for longer-lived Am isotopes (and daughters) in
cases where containment time is shorter than several thousand years.
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Cesium (Cs)

No change in data. Cesium is expected to be highly soluble, and its peak dose is
strongly affected by gap inventory and to a lesser extent, alteration time of fuel matrix if
it is shorter than about 1000 years.

There is the potential for lowering of these values if a solid-solid model were tested.

Iodine (I)

No change in data. Iodine is expected to be highly soluble, and its peak dose is strongly
affected by gap inventory and to a lesser extent, alteration time of fuel matrix if it is
shorter than about 1000 years.

Neptunium (Np)

These solubility values are from M&O [1998a], with the lower limit estimated to one
order magnitude higher than that cited in M&O [1998a]. See other subsections for more
discussion.

Protactium (Pa)

Based on similarity in chemistry, the Pa solubility values have been assigned to equal
those of Np. The release of Pa is likely controlled by solubility of parent nuclides and
not its own.

Lead (Pb)

No changes are recommended.

Plutonium (Pu)

Based on recent summaries of Pu solubility [McKinley and Savage 1996], the upper
limit is recommended to be lowered slightly (reduced from 10i to 6x10 7 mole/liter). No
significant impact is expected.

Radium (Ra)

No changes recommended.
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Selenium (Se)

No changes are recommended.

Technetium (Tc)

No changes are recommended.

Thorium (Th)

The high bound value is suggested to be increased by one order of magnitude based on
recent studies. This might have a consequence on release rates of daughter nuclides.

Uranium (U)

It is suggested that the lower solubility bound for uranium is raised by three orders of
magnitude. The old Table 3 value was based on older international assessments (see
Table 6-5). This new value is based on the most recent international PA studies
[McKinley and Savage 1996] that show U solubility values from 3xWO1 to 3x10
mole/liter even for reducing conditions (see also Table 6-5). This increase is not
expected to have a significant impact on calculated release rates for uranium or
important daughters of uranium isotopes.

6.3.3 Alteration Times

The need to re-evaluate estimates of fuel-matrix alteration times arises from recent US
DOE's review panel on this subject. In this section, we review the new information on
alteration time, and re-evaluate the rationale that supports the choice of this parameter
to be used in the newest iteration of 1MARC.

6.3.3.1 Some Issues Related to Alteration Times

It is vital to separate the discussions regarding spent fuel alteration rate (or alteration
time) into two parts:

* fuel matrix dissolution rate (mass released to solution per surface area per time) and

• normalized surface area (surface area per unit mass) of the fuel matrix.

The former term can, and is, relatively well known if specific groundwater chemistry
and temperature is specified, whereas the latter term remains quite uncertain.
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Fuel Matrix Dissolution Rate

With respect to the fuel matrix dissolution rate in air-saturated water, two limiting
values (or two "distribution" in values) might be recognized:

(a) dissolution rate in dilute, CO2 -saturated, Ca~ and Si poor water, and

(b) dissolution rate in groundwater that has sufficient Ca and Si to form Ca-Si

alteration phases.

In a sense, these are two "scenario" waters; the first corresponds to adsorbed water
films, dripping J-13, and "filled bathtub" conditions. The latter type might be water
arising from contact with unaltered cement and perched water at Yucca Mountain.
Some waste packages may see one groundwater type or the other (but probably not
both), depending on the time of container failure. Long-lived containers (>several
thousand years) would likely see only the first type of water. This is because cement is
claimed to be quickly altered and water entering the drift after that time is expected to
be non-equilibrium, episodic fracture flow (assuming no Richards barrier).

Factors such as burnup and other terms/cross-terms discussed in the previous TSPA-95
report are likely to be of little relevance or significance. Based on recent work [Gray and
Wilson, 1995; Tait, written communications], distributions of 20 ±10 mg/m2/d for the
former and 0.5 ± 0.3 mg/mr/d for the latter are recommended.

A related issue is whether the fuel matrix dissolution rate remains approximately
constant. Available test data show a significant decrease (by several orders of
magnitude) in dissolution rate in which alteration products are allowed to accumulate
on the fuel matrix surface [Gray and Wilson, 19951.

Fuel Matrix Surface Area

Regarding surface area per mass of fuel one optimistic extreme is simply to assume a
value equal to the geometric surface area. The pessimistic extreme assumption is a
surface area equal to all of the individual grains. This latter value has been estimated at
0.1 m 2/g for LWR fuel [Gray and Wilson, 1995]. A more realistic value can be based on
BET measurements, which give a surface of 2.2 x 10i m 2/g for several different LWR
fuels [Gray and Wilson, 1995]. If a factor of 3 for surface roughness and a factor of 6 for
penetration along grain boundaries are used [Gray and Wilson, 1995], a final "central"
estimate of surface area is 4 x 10O mr/g . The range in surface area distribution for fuel
under expected conditions (normal evolution scenario) at Yucca Mountain is estimated
at 103 and I0W m 2 /g.
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There is, however, uncertainty is these estimates for surface area arising from
uncertainties in credible alternative scenarios. Factors such as potential mechanical
damage from the collapse of liners and the tunnel, potential "bath tub" filling of a
breached container, and other events might occur. Unfortunately most scenarios lead to
an increase in surface area per mass of matrix. Consideration of such events could
eventually lead to the limiting surface area value of 0.1 m 2/g, although such a value
would be assigned an extremely low probability.

Cladding Credit on Surface Area Reduction of Fuel Matrix

It has been suggested that the uncorroded portion of cladding for a breached fuel rod
could provide protection from contact by water. This might be true for water that could
drip into a failed container. Given the extremely localized crevice corrosion that is
expected as the main, long-term failure mechanism for zircaloy cladding, >99% of the
fuel matrix surface might be protected from such dripping water.

However, under high relative humidity, the adsorption of a thin water film along the
entire fuel matrix of a breached rod must be considered as a likely possibility. Also,
under conditions that might lead to a partly filled "bath tub" within a failed container,
it is not clear if the uncorroded cladding would continue to prevent wetting of the fuel
matrix.

Consideration of a partially failed cladding preventing full water contact with the fuel
matrix could also permit inclusion of explicit mass-transfer constraints on radionuclide
releases. These constraints are attributable to the small dimensions of crevice corrosion
holes and the potential for sorption by corrosion products at these locations.

6.3.3.2 Reactive-Transport Numerical Modeling Results

One recent study is the reactive-transport numerical modeling conducted by M&O for
TSPA-VA [M&O 1998b, Section 6.4.3.2]. This model considers the following processes:

• Kinetic dissolution of solid phases,

* Kinetic precipitation and dissolution of secondary phases,

* Aqueous equilibrium speciation,

* Gas-aqueous equilibria,

Redox reactions,

. Advection,
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. Diffusion,

. Dispersion,

* Nucleation thresholds for precipitation of new solids.

Radiolysis is not considered in the model. The geometry, amount of spent-fuel, and
water chemistry are said to resemble those in the repository at Yucca Mountain. Spent
fuel is subjected to a constant seepage rate of 3.36 cm/yr. The available spent fuel for
dissolution is derived from the fraction of cladding failure and the specific surface area
available for dissolution of 39.6 cm2 /g. A temperature of 70 0C is assumed to represent
post-heating period of the repository.

This model predicts that spent fuel is completely altered to the secondary phase,
primarily schoepite, within 500 years. This short alteration time will significantly
impact doses of fission products, such as Tc, Cs, and I, and hence, should be used with
caution. Some factors contributing to uncertainties in the alteration time are discussed
in "Caveats" by M&O 11998b], which include constant dripping rate, chemical
composition of dripping water, exclusion of radiolysis, etc.

One factor, that is not discussed by M&O, but might be responsible for short alteration
times, is the formation of alteration products, as a barrier to spent fuel alteration. The
assumption of neglecting this barrier to oxygen transport in their model is said to come
from experimental observations. Experiments show that the common alteration
products of spent fuel, schoepite, is a porous material. No quantitative information on
porosity is offered to support this assumption. While this assumption is convenient for
modeling, it is responsible for over-conservative alteration rate of spent fuel.

In another study conducted by M&O [1998b, Section 6.4.3.1], film concentrations
derived from experimental data are shown to decrease with time. This trend is
observed for all nuclides, including I, Tc, and Cs. These data are explained by
secondary phase formation. If the secondary phase minerals can retain radionuclides, it
works by one of the three possible mechanisms:

1. physical blockage to alteration of unaltered spent fuel,

2. retardation of spent-fuel alteration through solubility limit, and

3. co-precipitation of actinides.

The first two processes affect the release of all radionuclides, while the third one only
affects the release of actinides. Therefore, if secondary phase formation is responsible
for slowing down release of all nuclides, as claimed in M&O's calculation [1998b,
Section 6.4.3.1], it must be by means of the first two mechanisms. In this sense, the
alteration time of 500 years must be considered as over-conservative.
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M&O's model [1998b] was not developed for predicting alteration time of spent fuel,
although the predicted alteration time is used to validate the model by comparing with
experimental results [M&O 1998b, Section 6.4.3.2]. The purpose of the modeling is to
constrain the Np aqueous concentration by consideration of retention within secondary
phases. In this model, the release of Np is assumed to be completely controlled by the
alteration of schoepite, the major secondary alteration phase. The results show that
schoepite is not completely altered until 50,000 years after initial exposure to water.
Even if there were enough evidence supporting the supposition that actinides are
congruently released only with the alteration of schoepite, using schoepite's alteration
time would underestimate releases of fission products. Therefore, alteration times of
schoepite should not be used for IMARC calculations.

6.3.3.3 Expermental Results

In the study conducted by Finn et al [1998], they observed that 0.03 of the total Tc
inventory has been released after 3.7 years of reaction. Because they believed that Tc is
congruently released with spent-fuel alteration, an alteration time was estimated [M&O
1998b, Section 6.4.3.2] by 3.7 years divided by 0.03. This gives an alteration time of 123
years. The reason of objection for using this value is the following. This simple
extrapolation only applies to linear release. That is, alteration rate is constant over time.
It is not applicable to non-linear alteration, in which alteration starts fast at early times
and slows down over time.

Based on above discussions regarding retardation by secondary phase, actual alteration
of spent fuel is expected to be non-linear over time. Release can be fast at early time
due to large surface area of spent fuel that is available for reaction, and direct contact
between spent fuel and dripping water. As the secondary phase builds up, it can
effectively block contact of water with unaltered spent fuel, as well as increasing mass
transfer resistance to oxygen migrating towards spent fuel. Together, these processes
will slow down the alteration of unaltered spent-fuel. Therefore, the fractional release
rate of 0.0081 per year (obtained from 0.03 divided by 3.7 years) might be only valid for
up to 3.7 years, but it is not appropriate to extrapolate this rate to > 3.7 years.

Furthermore, Tc is enriched in 5-metal phases located along UO2 grain boundaries
[Gray and Wilson, 1995], it is likely that a large fraction of the 0.03 Tc inventory released
is from these phases, making the M&O's estimates [1998b, Section 6.4.3.2] of alteration
rate too high.

Another point to make regarding the long-term validity of the extrapolated alteration
times is the radiolysis effects. The experimental results were recorded on spent fuel
with significant gamma radiation fields. The gamma radiation fields produce locally
acidified conditions leading to accelerated alteration and the formation of non-
protective deposits [Shoesmith 1998]. Considering a containment period by waste
packages of about 1000 years and the fact that water contact only starts in the post-
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heating period, these radiation fields will have decayed and be insignificant. From this
point of view, it is reasonable to say that the experimental conditions are not
representative to the repository long-term conditions.

Wronkiewicz et al. [1996] estimates that UO2 pellets in their 90'C drip experiments
would have been completely altered in 660 years. Similar to the above comments made
regarding other experiments, it is uncertain whether or not it is appropriate to
extrapolate short-term experimental results to much greater time scales.

6.3.3.4 Choice of Data

The above discussion indicates that new data on alteration time may not be appropriate
for the purposes of IAARC calculations. Therefore, the previous values for alteration
time of 4000, 10,000 and 40,000 years remain reasonable values, and have been
independently confirmed [Shoesmith 1998]. Probabilities for these times are revised, to
10%, 60%, and 30%/6, respectively (Table 6-7). These alteration times reflect consideration
that (a) the surface area of the fuel matrix does not significantly increase over time,
whereas (b) the dissolution rate of the fuel matrix does decrease because of formation of
alteration products. No explicit credit for protection by cladding is taken as a basis of
these estimates. Nevertheless, in the source-term code COMPASS, protection from a
partially failed or slowly degrading cladding is included as a time-dependent
multiplication factor to the total amount of nuclides released from spent fuel.

Table 6-7
Alteration Times and Weighting Factors

Alteration Times (yrs) Weighting Factors

4000 0.1
10,000 0.6

40,000 0.3

At this time it cannot be demonstrated that extreme values of alteration times (as short
as 123 years [Finn et al. 1998] or 500 years [M&O 1998b, Section 6.4.3.2]) are impossible.
It is believed that the combined set of events leading to such rapid alteration of the fuel
matrix are highly implausible. If alteration times as short as 500 years were to occur,
then this factor would control the peak release for non-solubility limited radionuclides
such as Se-79, Tc-99, 1-129 and Cs-135, rather than the release of the same nuclides from
the instant release "gap" fraction. It is recommended, however, that a short alteration
time (- 500 years) be used for sensitivity analyses to study the impact of such a high
alteration rate.
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6.3.4 Instant Release Fraction

In previous IMARC calculations, fractions of all fission-product nuclides, (primarily I-
129, Tc-99, and Cs-135), residing in the gaps and grain boundaries of spent nuclear fuel,
were assumed to be 2% of the total inventory of that nuclide. A recent study [Johnson
and Tait 19971 indicates that the gap inventories for these nuclides may be different
from 2% of the total inventories. Similar to the IMARC source term, in Johnson and Tait
[19971 studies, fractions of radionuclides released from gaps and grain boundaries of
spent fuel are treated as a combined source term called "Instant Release Fraction (IRF)".
Based on many studies that have linked the IRF with the fission gas release during
reactor operation, a best estimate and pessimistic value of the average IRF for spent fuel
population are then derived. These values for the nuclides concerned in IMARC
calculations are shown in a table below.

Table 6-8
IRF for Selected Nuclides In Spent Fuel

Nucilde Half Life (yrs) Best Estimate (%h) Pessimistic Estimate (%)

1-129 1.6 x 107 3 6

Tc-99 2.1 x 106 0.2 1

C-14 5730 5 10

Se-79 6.5 x 104 3 6

Cs-135 2x106 3 6

For IMARC calculations, the best estimates of the concerned nuclides are
recommended. It is not deemed necessary to establish a special branch in the Logic
Trees for this parameter. Pessimistic estimates, however, can be used in the sensitivity
analyses.

6.4 Review of M&O's Decision on Lower Np Solubilities

In TSPA-95 calculations, Np is found to be the primary contributor to dose after 10,000
years [DOE 19951. This motivates a series of effort to find new, "realistic" Np
solubilities. In this Section, part of the work by M&O on this effort is reviewed. This
includes data revision to Np solubilities [M&O 1998a] and a falling film model on water
alteration of U02 (M&O 1998b, Section 6.4.3.1). Because these studies use results from
spent-fuel unsaturated dissolution tests conducted by Argonne National Laboratories
[e.g., Finn et al. 1994a], these tests are also briefly reviewed.
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6.4.1 Study on Np Solubilitles and Spent-Fuel Dissolution Tests

This paper [M&O, 1998a} reviews, compares and eventually attempts to reconcile two
separate types of data on the solubility limits for Np under conditions appropriate to a
repository located at Yucca Mountain. Neptunium is selected because its primary
isotope in spent nuclear fuel (Np-237), and daughters of this isotope (U-233 and Th-
229), were found to be principal contributors to dose in calculations reported in the 1995
Department of Energy's Total System Performance Assessment.

This discussion reviews the conceptual models used in this Np analysis. Comments are
made regarding the credibility of this approach, the viability of the conclusions made,
and recommendations are offered regarding how to further strengthen and confirm
these conclusions.

6.4.1.1 Conceptual Models for Time-invariant Concentrations of Radioelements

Solubility Limits

The first approach used to set solubility limits, and the method primarily used in
developing solubility limits for TSPA-95, is from laboratory studies on a
compositionally pure, end-member solid containing the radioelement of concern.
Synthetic solutions are prepared which are in a supersaturated condition with respect
to the desired solid phase [Nitsche et al., 1994]. The solid is allowed to precipitate and a
measurement of the time-invariant, solubility concentration is made. Many national
repository programs take a similar approach, typically supplementing laboratory tests
on pure phases with geochemical calculations and predictions from equilibrium-based
geochemical models such as EQ3/6 and PHREEQUE [McKinley and Savage, 1994].

The validity of such an approach has always depended on the selection of an
appropriate solid phase. "Appropriate" in this case entails many factors, including the
correct valence of the radioelement under repository conditions and the correct anionic
framework-solid (oxide, hydroxide, halide, silicate, phosphate, etc.). Also of relevance
are factors such as degree of crystallinity of the solid and the trace-element nature of all
radioelements other than uranium in spent fuel. This latter point will be returned to
later in the discussion.

Steady-State Limits

The second approach relies on concentration limits fir radioelements observed in long-
term dissolution tests of nuclear waste forms (spent nuclear fuel, borosilicate glass).
This approach was first introduced in the early 1980's in the US and the UK [Apted,
1982: Savage and Robbins, 1983], but has received less attention since 1987. The
conceptual basis for this approach is that the dissolution of nuclear waste forms under
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dosed-system conditions (which approximate repository conditions if mass transfer
rates are sufficiently slow, see [Zavoshy et al., 19851) leading to an increase in
radioelement concentrations from undersaturated conditions, and eventually the
saturation limit (solubility) for secondary (alteration) phases is exceeded. The
precipitation of such secondary phases will, if the radioelements (e.g., Np, Tc, Pu) is
incorporated into the mineral structure, impose time-invariant concentration limits for
those radioelements.

Note that this concentration is not described as a "time-invariant solubility
concentration". The term 'solubility" is omitted because such time-invariant
concentrations are irreversible, non-equilibrium "steady-state" conditions. A steady
state [Lasaga, 1981] occurs when the rate of input per time of the radioelement from
dissolution of the nuclear waste form is balanced by the rate of removal of the
radioelement by precipitation of a more thermodynamically stable secondary phase. In
both laboratory [Wronkiewicz et al. i9971 and field studies [Leslie et al. 19931, the initial
precipitated phases are uranyle oxide hydrates. The steady-state concentration is
located between the equilibrium solubility of the dissolving waste-form phase
(metastable equilibrium solubility for UO2 under oxidizing conditions) and the
solubility of such precipitating secondary phases (Figure 6-1). Steady-state conditions
are common in natural systems [e.g., Berner, 19801, and persist until the primary
dissolving phase disappears, at which time the solution concentration decreases to
match the solubility of the secondary phase.

For the case of a spent-fuel waste package at Yucca Mountain, an initial steady-state
condition might persist for 4,000 to 40,000 years after container failure. The duration
depends on the dissolution rate of UO2 , which is a function of many chemical variables
as well as temperature. If this secondary phase is, in turn, metastable with respect to
some other compositionally related mineral (or mineral assemblage), then a subsequent
steady-state condition, can develop with the precipitation of this more stable mineral.
For compositionally major components (e.g., U. Si, Ca, Na), the first steady-state
concentration observed in tests in waste-form dissolution will always be a maximum
value; development of additional steady-state conditions will act to lower overall
system free energy and formation of more stable (and less soluble) phases. The same
argument has been applied to trace radioelements, but has never been conclusively
demonstrated for each specific radioelement of interest.

6.4.1.2 Combined Methods to Demonstrate Time-Invariant Concentration Limits

M&O [1998a] paper conducts a useful analysis of combining both methods used to set
time-invariant concentration limits for radioelements. The two methods are
complementary in that the solubility-limited method obtains a value from
oversaturated conditions, whereas the steady-state method obtains a value from
undersaturated conditions. Thus, it is anticipated, and the M&O [1998aJ paper
confirms, that proper combination of these two methods will effectively bracket the
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time-invariant concentration that can be reliably used in performance assessment for a
repository. Measurements from solubility-limits are expected to form an upper limit in
concentration, while the steady-state concentration data will provide a lower limit.
There are, however, caveats that must be recognized and addressed with respect to the
interpretation of both methods.

The greatest difficulty of the solubility-limit method is confirming that the selected
radioelement-bearing phase is appropriate to the actual secondary phases that will form
from dissolution of nuclear waste forms. There is an unfortunate tendency to select
well-studied and experimentally tractable systems such as oxides, halides, hydroxides,
phosphates, etc., whereas more typical secondary phases under repository conditions
can be mixed oxy-hydroxide, silicates, and alumino-silicates [Wronkiewicz et al 1997].
Measurement of the solubility of these latter phases is fraught with difficulties such as
multiple metastable phases, slow precipitation kinetics, and non-stoichiometry. Thus,
the upper limit, time-invariant concentration established by many solubility-limit tests
and supporting geochemical calculations (which can only predict the solubility for
phases that exist in thermodynamic databases, typically not including silicate and
mixed oxy-hydroxide phases) may be too high.

The difficulty for establishing a lower steady-state concentration limit lies in
determining whether a true steady-state condition has been reached. Dissolution tests
for nuclear waste forms typically start at completely unsaturated conditions with
respect to radioelement concentrations (Figure 6-1). Dissolution of the waste form
increases radioelement concentrations over time, but not at a constant rate (compare the
slopes in Figure 6-4 through Points A and B). The dissolution rate of waste forms
decreases with time, as the major components build up their concentrations in solution.
This decrease in reaction rate over time is true for both UO2 and borosilicate glass in
undisturbed system.

Measurements made on radioelement concentration in waste-form dissolution tests
may not change significantly after long times (Figure 6-1, compare Points C and D),
especially when large analytical detection uncertainties are considered. Thus, an
apparent steady-state concentration limit might be reached (no discernible increase with
concentration between measurements made at two different times), but the
concentration may still be increasing, albeit at a low rate.

Steady-state conditions, if used to set time-invariant concentrations for radioelements,
must demonstrate that the steady-state concentration value is being actively controlled
(that is to say, the rate of input into solution from dissolution of the waste form is
balanced by the rate of removal from solution into the secondary phase).

One method [ones et al., 19871 to demonstrate steady state is to add a small aliquot of
radioelement-rich solution into the test system to briefly establish a slightly
oversaturated condition (Figure 6-4, Point F) relative to the interpreted steady-state
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concentration (Figure 6-4, Point E). If the concentration decreases to the interpreted
steady-state concentration (Dashed Line 1 in Figure 6-4) then active control of
radioelement concentration is demonstrated and this concentration can be confidently
used in performance assessment analyses. If the concentration remains at Point F
(Dashed line 2 in Figure 6-4), then a steady-state concentration has not been attained,
and this concentration cannot be used to set a lower bound on time-invariant
concentration. Successful demonstration of a true steady-state concentration for Tc
released from nuclear waste glass has been made [Salter 19981, conclusively showing
Tc-bearing clay as the secondary precipitated phase controlling Tc concentration.
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Figure 6-4
Aqueous concentrations fitted to ATM-1 03 spent-fuel vapor test and low-drip test
data (M&O 1998b, Section 6A.3.1)
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Thus, the issues related to bracketing time-invariant concentrations suitable for
performance assessment entail the possibility that the upper (solubility-limit) value is
too high and/or the lower (steady-state limit) is too low. Both of these issues arise in
the consideration of M&O [1998a].

6.4.1.3 Neptunium Solubility Limits for Yucca Mountain

The premise of M&O [1998aJ is that the previous Np solubility values, based on tests on
a Np2O5 compound [Nitsche et al., 1993; 1994], are too high. The authors argue that
while the Np(V) Np2O5 oxide can form and persist under the oxidizing conditions of
Yucca Mountaih, this compound is metastable with respect to the formation of Np(IV)
NpO2 oxide. It is argued that the form of Np in spent fuel is Np(1V) because of the
relatively reducing conditions during reactor operations. The arguments and
supporting data seem credible, albeit the available thermodynamic data are
acknowledged to be incomplete and unreviewed. The Nuclear Energy Agency is now
preparing critical reviews of thermodynamic data for Np and other important
radioelements, so this situation may be improved in the near future. In any case, the
earlier solubility data on Np2O5 are judged to be too high for the Yucca Mountain
conditions.

The new data introduced in M&O [1998a] come from long-term spent fuel tests in
which solution concentrations of key radionuclides are made. These include closed-
system ("batch") tests and tests involving episodic ("drip") or continuous flow. These
tests report Np-237 concentrations in Table 3-1 that range from 5.9 x 10i to 1.6 x 10.
moles/liter (although analytical uncertainties are not reported). Note that the data
reported for Finn et al. [1995] in Figure 3-1 of M&O [1998a] do not agree with values
shown in Table 3-1 of M&O [1998a], the latter being a factor of 100 lower.

Thermodynamic calculations are made in M&O [1998a] using the sparse
thermodynamic data on NpO2 contained in EQ3/6. It is noted that the lower range of
calculated solubilities for NpO2 spans a similar range as the concentrations reported in
the spent fuel tests.

Furthermore, it is suggested that instead of a pure NpO2 phase forming in spent fuel
dissolution tests, NpO2 occurs as a trace component within the structure of the primary
uranium secondary phase that forms. A key assumption is that Np will occur in such
an alteration phase in the same mole fraction proportion (0.001) as it occurs in the UO2
matrix of spent fuel. This would, M&O [1998a] claims, lead to a three orders of
magnitude reduction in the dissolved concentration of Np relative to calculations based
on formation of a pure NpO2 phase.

This argument is potentially misleading on several points. First, Np occurs in the UO2
matrix of spent fuel entirely as a consequence of nucleonic reactions and in no way
represents a mole fraction that might occur during precipitation from an aqueous
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solution. Second, the uptake of a trace element is sensitively related to its ionic size and
charge relative to the host solid phase. Np(IV) is close in size and identical in charge to
U (V), but is significantly different in charge and size compared to U(VI), the primary
form of uranium in the secondary phase (such as schoepite). Thus, there is an
expectation that Np might be preferentially excluded from incorporation into the
secondary phase, leading to an increase in Np concentration relative to that
corresponding to the solubility of a pure NpO2 phase.

Finally, and perhaps most debatable, is whether the concentrations reported in the
spent fuel tests represent a steady-state concentration, rather than merely a point along
an increasing trend in concentration (Points A to D, Figure 6-4). Certainly for the flow
tests there is the potential that removal of dissolved products, rather formation of
secondary phases, is limiting the concentration of Np. Such tests dearly represent
conditions such as Point A on Figure 6-4. The concentrations reported from such flow
tests closely match the data from other batch and drip tests on spent fuel. This suggests
that the concentrations from such waste form tests are still increasing (i.e., Points C and
D in Figure 6-4) rather than representing a true steady-state concentration (Point E).

6.4.1.4 Summary

M&O [1998a] makes use of existing solubility, thermodynamic, and waste-form test
data in setting a new distribution for Np solubility. The previous range had been from
102 to 6 x 10' moles/liter. The new range reported is 10 to 6 x 104 moles liter.

The upper value of M&O 11998a] is appropriately lower, based on dismissal of the
Nitsche et al. [1993;1994] data because of incorrect assumption of a Np(M) rather than an
Np(IV) solid as the solubility-limiting phase. The lower value of the range, however,
may be optimistically low. The new lower bound in M&O [1998a] is above the values
reported from spent fuel dissolution tests, which is proper. The lower bound, however,
is not well-based on a demonstrable steady-state concentration by either the data or the
arguments made in this paper. The lower bound of the range may be a factor of 10
higher (6 x 107 moles/liter) based on the limited data available.

It is certainly possible that a value as low as 10i moles/liter might eventually be
established, based on comparison with volubility values cited (but not confirmed by
data from waste form dissolution tests) from other national repository programs
[McKinley and Savage, 1996; see Section 2.2]. A simple titration of a spiked aliquot of
Np solution (Points E rising to Point F in Figure 6-4 in long-term spent fuel tests could
be an easy and sensible technique to possibly confirm whether the lower range in M&O
[1998a] is a steady-state concentration. The feasibility of conducting such tests would be
guided by experimental constraints (e.g., magnitude of required "spike", uncertainty in
concentration measurements) and the relative rates of U0 2 dissolution and precipitation
of secondary uranyl oxide hydrates.
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Another point should be made regarding the upper solubility value for Np. This value
still may be too high to actually impose a solubility-limited boundary condition on the
release of Np from the waste package and EBS. That is to say, the dissolution rate of the
UO2 matrix may actually be limiting Np release, depending on this rate relative to the
Np solubility. If dissolution times for the fuel matrix are as short as 500 years, however,
it is likely that Np will be solubility limited in its release for the entire solubility range
reported in M&O 11998a].

6.4.2 Falling Film Model

The falling film model is developed by M&O to predict radionuclide concentrations in
thin films surrounding fuel fragments undergoing dissolution under unsaturated
conditions [M&O 1998b, Section 6.4.3.1]. Experimental data are used to fit parameters
(such as vapor drip velocities) and the primary variable of the model (i.e., film
concentrations). The obtained film concentrations are several orders of magnitude
lower than solubilities used in M&O's TSPA-95. This comparison has generated
reactions favorable to the unsaturated repository concept and the lowering of
solubilities, especially Np solubility. Because the aqueous concentrations of
radioelements are important source term parameters in the current TSPA calculations, it
has direct impacts on safety evaluation of the potential repository located in Yucca
Mountain. Therefore, it is necessary to conduct an independent review of this work.
The comments of review are presented below.

6.4.2.1 Mass Balance Model

The modeling system of this work is illustrated in Figure 6-5. It is based on the
unsaturated dissolution tests of spent fuel fragments conducted at Argonne National
Laboratories [e.g., Finn et al. 1994a]. The spent fuel fragments are placed on a stainless
steel fret in a sealed container. A thin film of liquid water is assumed to cover the
surface of the fuel fragments due to dripping water and condensation of water vapor
arising from evaporation of a pool of water located at the bottom of the container. At
equilibrium, condensation rate is assumed to equal evaporation rate. In the vapor tests,
no drip is applied to the container, while in the drip tests, water from J-13 well that is
equilibrated with tuff rock is dripped into the container at a specified rate. The
dripping water flows through the fuel fragments and eventually falls to the container
bottom. Both condensate and dripping water carries dissolved radionuclides to the
bottom collector. We consider that this conceptualization is reasonable although the
conceptualization of this system is not unique. For example, a possible scenario would
be that water is trapped near the contact between the two fuel fragments where surface
tension is high. This conceptualization would create a surface area available to reaction
substantially different from that of the reviewed model, that assumes a uniform film
covering the entire surfaces of the fuel fragments.
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Figure 6-5
Aqueous concentrations fitted to ATM-106 spent-fuel vapor test and low-drip test
(M&O 1998b, Section 6.4.3.1).

A mass-balance equation for dissolved radioelements in the thin film of water on the
surface of spent fuel fragments is established for vapor zone and drip zone,
respectively. The mass-balance equation for the a-th element in the drip zone
(Equation (6.4.3.1.2-1) in M&O 1998b; there are similar expressions for the vapor zone
that will not be repeated in this review) is repeated as follows:

dt (fdAddC;) =VdA~dPdXd + ) (eq.61)

where:

fd is the fraction of the total liquid transport surface area Ad associated with the drip zone,

d, is the average thickness of the liquid film,

Cd is the mass concentration of the a-th chemical element in the liquid film,

Vd and V. are the corrosion velocities (ie., the forward mass dissolution rate
divided by mass density) in spent fuel and altered materials, respectively,
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AM and A,, are the corresponding corrosion surfaces in spent fuel and altered
materials, respectively,

PM and PMd are the densities of spent fuel and altered materials, respectively, Xd
and Xi are the mass fractions of the a-th element in the spent fuel and altered
materials, respectively, Vp,, is the velocity of precipitation, Ad is the
corresponding precipitation surface area, £, signifies summation over all
precipitating/sorbing minerals that contain the a-th element, and V,, is the
advective velocity.

In a general sense, this model is credible and covers a range of potential conditions and
time scales. The irreversible dissolution of the primary waste form (U02, or borosilicate
glass) is included, as are the potential sinks and sources of secondary phases and the
loss of material in an open repository system by advective transport.

In this equation, although decay and in-growth are not shown and no explanations are
offered, these terms can be neglected for long-lived radionuclides in the experimental
time scales (3 to 4 years). It can be seen that the mass balance equation contains many
mechanistic and geometric parameters. If all these parameters are known, the equation
can be solved for concentrations of radioelement in the thin film. However, many of
these parameters are not available, and hence, a series of assumptions are made to
simplify the equation.

The primary assumption is made to delete the left-hand-side time derivative, so that

d (fdC- ) (eq. 6-2)
dt f

That is, the balance of various mechanisms is in steady state and no accumulation can
take place. Under steady state, if sink terms (such as advective flux) increase (or
decrease), the source terms should increase (or decrease) correspondingly.

This primary assumption greatly simplifies the mass balance equation, shown in (eq.
6-1). Consequently, a series of results are obtained. These include the expressions for
the film concentration of the a-th element in the drip zone [Equation (6.4.3.1.2-9) in
M&O 1998b]:

C- = r V C (eq. 6-3)
rd + VMdC;L
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where rd' is the effective dissolution rate defined as [Equation (6.4.3.1.2-6) in M&O
1998b]:

r= Vd AMPd X + Xa(Vad Aad pdX t) (eq. 6-4)

and C; is the equilibrium film concentration defined as [Equation (6.4.3.1.2-7) in M&O
1998b]:

C,4d = X:d+l;(VdAd d ad (eq. 6-5)

Symbols in (eq. 6-4) and (eq. 6-5) have the same definitions as those for Equation (6-1).

This concentration, according to the modeler, "represent the concentration of the a- th
chemical element in the fluid phase, arising from dissolution of the spent fuel and
stationary alteration phases of solid form, at which the mass transfer due to backward
reactions that lead to redeposition of alteration materials onto the solid phase exactly
balances the rate of mass transfer of that chemical element to the liquid phase due to the
forward reactions of dissolution." [M&O 1998b, Section 6.4.3.1]. This equivalent to the
steady-state concentration discussed in the previous section.

The modeler further argues that if the advective transport of mass is negligible, the
following holds [Equation (6.4.3.12-11) in M&O 1998b]:

Cad -+ C;d if VCo (eq. 6-6)

Similarly, if the dissolution rate is much smaller than the mass transport rate, the
following holds [Equation (6.4.3.1.2-13) in M&O 1998b]:

Cal e Cd if VW C;L >> r.d (eq. 6-7)

The same expressions for the vapor zone film concentrations are also obtained.
Comments made to the drip zone also apply to the vapor zone.

The simplified equations for the film concentration contain unknown parameters.
Therefore, another equation is established. The total mass of the a-th element AME
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released from the fuel fragments to the collection pool during a given time increment At
is [Equation (6.4.3.1.2-15) in M&O 1998b]:

Am* =A,(1 -fd)V,,t-At +AfdV4 dCfdAt (eq. 6-8)

where symbols and definitions are the same as those for Equation (6-1).

6.4.2.2 Total Mass Release and Data Fitting

The next attempt of the modeler is to use the above equation to quantify the unknown
parameters and the film concentrations based on experimental results of AM,,.. for a
given At, by minimizing the square error between the measured and predicted mass
releases. We consider it a reasonable approach. However, substituting even simplified
expressions for the film concentration into equation (6-8), there are still many unknown
parameters. There is insufficient number of data points if the number of measured
points is less than the number of unknowns. The fitting quality is poor if the number of
data points is only slightly greater than the number of unknown parameters. Therefore,
Equation (6-8) needs further simplification.

For this purpose, the modeler assumes that the film concentrations in the vapor zone
and drip zone are the same. Furthermore, under transport limited conditions, Equation
(6-8) can be simplified by substituting Equation (6-6) into (6-8). This yields [Equation
(6.4.3.1.2-18) in M&O 1998b]:

AMO = (AV, +qd)C,,At (eq. 6-9)

where q, is the known drip rate applied to the sample during the experiments, and Co
is the equilibrium film concentration in both the vapor and drip zone, that are assumed
to be identical in both zones.

In (eq. 6-9) there are only two unknowns, namely, V,, the condensed vapor dripping
velocity, and C*, the equilibrium film concentration. The parameter fitting task can
then be carried out.

Incidentally, although this treatment enhances the fitting quality, its coupling with the
conceptual model (represented by Equations (6-1) to (6-7)) becomes arbitrary and
objectively weak. Different versions of conceptualization may lead to the same
expression as (eq. 6-8) and (eq. 6-9).

The rationale for this comment is the following. Whatever the conceptual model and
assumptions are made for mass balance in the liquid phase in the vicinity of the spent
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fuel fragments, the total mass release rate is identically equal to the multiplication of the
total flow rate and the aqueous concentration. This is mathematically expressed the
same as Equation (6-9) only with different definitions for the symbols, determined from
the conceptual model. If Vt,, and Cef, are obtained by solving equation (6-9) coupled
with Equation (6-1), the relevance between the solved parameters and conceptual model
is apparent. Because V,, and C; in the reviewed work are obtained from a source
independent from the conceptual model (experimental work), the obtained
concentrations can have non-unique interpretations.

The fitted film concentrations are shown to decrease with time [shown in Figures
6.4.3.1.4-1 through 6.4.3.1.4-3 in M&O 1998b] by several orders of magnitude, as shown
in Figures 6-6 and 6-7. The fitted concentrations, regarded as equilibrium film
concentration, decrease with time and appear to approach constant values. This result
is considered important "because it implies that the formation of alteration products
reduces radionuclide releases far below the initial short-term levels" and "because
constant long-term values would imply that stable alteration minerals are being
formed" (p.6-112, M&O 1998b). We consider that the implications are valid. Due to the
weak or subjective linkage between the conceptual model and parameter-fitting model,
the implications should be regarded as irrelevant to the conceptual model and
assumptions made (Equations (6-1) to (6X7)).
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Figure 6-6
Aqueous concentrations fitted to ATM-103 spent-fuel vapor test and low-drip test
[M&O 1998b, Section 6.4.3.1]
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Figure 6-7
Aqueous concentrations fitted to ATM-106 spent-fuel vapor test and low-drip test
[M&O 1998b, Section 6A.3.1]

6.4.2.3 Summary

In summary, because there is only a weak and non-unique connection between the
generally valid Equation (6-1) and the fitted aqueous concentrations, we cannot agree
with the author that the fitted concentrations are the equilibrium film concentrations
defined in Equations (6-5). For example, fission products, such as Tc, I, and Cs, are not
believed to co-precipitate with the formation of secondary phases, as described by
Equation (6-1). Instead, decreases in their concentrations, as predicted by the author,
are probably caused by the physical blockage of unaltered spent-fuel by the formation
of secondary phases.

The only clear way to eliminate such ambiguity and inconsistency would be to directly
solve Equation (6-1). This would require, however, knowledge of parameters that have
not been measured or calculated (such as fractions of release with spent fuel and
retained by the secondary phases for all nuclides, alteration rates of secondary phases,
etc). There is also a concern whether the test conducted by Finn et al [19941 provide an
experimentally consistent and interpretable data base. Issues such as uncontrolled
water balance, spalling of reaction products, and other factors serve to limit the
usefulness of data in confirming, calibrating, or even constraining such a calculational
approach to "equilibrium film concentration." Alternative means, notably adding
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spiked concentrations of key radionuclides into "drips" might better serve to confirm
an active concentration-limiting process related to the formation of secondary phases.

Furthermore, because of the problem of non-uniqueness, it is premature to regard the
fitted concentrations at -900 days (see Figures 6-6 and 6-7) as the concentrations
resulted from long-term interaction between water and spent fuel and the formation of
stable phases [M&O 1998b, Section 6.4.3.1]. Even if it might be true for a few spent-fuel
fragments that were always hit by the localized dripping water in the experiments, it
may not represent actual repository conditions. In repository, water contact at different
locations in a waste package may start at different times. Drip water flow paths and
patterns of water contact (uniform thin film vs. retention in locations with high capillary
pressures) may also change over time. In this sense, concentrations out of the waste
package may not monotocially decrease with time. Therefore, using the fitted
concentrations at -900 days to replace elemental solubilities [M&O 1998b, Section
6.4.3.1], might be misleading and under-estimate doses of radionuclides.

6.5 Recommendations

Radionuclides Aqueous Concentrations in Waste Form

The so-called "falling-film" interpretative model [M&O 1998b, Section 6.4.3.1] for the
drip tests conducted by Finn et al., [1994] represents a sensible but non-unique first step
in attempting to derive more realistic radioelement solubility constraints from
laboratory tests. In particular, there are many more alternative conceptual models that
are possible than the ad hoc model presented.

In a parallel approach, M&O [1998a] uses both solubility data on compositionally pure
solids supported by results from spent fuel to establish lower, more realistic bounds to
radioelement solubilities. Again, the general approach seems potentially useful, but the
specific application and testing with respect to Yucca Mountain conditions remains
lacking.

Three follow-on actions are recommended for consideration to establish lower, more
realistic radioelement solubility constraints:

1. Direct numerical solution of the general mass-transfer model for the case of a water
film contacting spent fuel, including mass-transport out of the EBS..

2. Application of a trace-element co-precipitation model previously successfully
applied by QuantiSci to natural analogues of HLW repositories.
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3. Introduction of "spiked" aliquots of key radionuclides in long-term waste form tests
to confirm measured low concentrations are the result of nuclide incorporation into
actively precipitating alteration phases.

The first two actions could be readily accomplished within the current frame-work of
IMARC/COMPASS coding. The last recommendation is to be passed on to appropriate
managers of the US DOE spent-fuel testing program.

Spent-Fuel Alteration Times

Regarding alteration time of spent fuel matrix, more experimental and modeling work
should be conducted to reduce uncertainties associated with this important source-term
parameter. Some suggestions on modeling work that can help reach this goal include:

1. A reactive-transport model of spent-fuel dissolution that includes radiolysis effects
and a wide range of important input parameters such as dripping water rate and
compositions of water in contact with the spent-fuel.

2. A transport model to study and quantify the physical blockage effect due to the
formation of secondary phases, on oxygen transport in a cylindrical spent-fuel
pellet.

To study the impact of secondary phase minerals on doses, the release model currently
used by the source-term code COMPASS should be enhanced to properly address
different release regimes and time scales by fission products and actinides. By this
mean, different dissolution rates would be used in the model for fission-products, that
are primarily controlled by the alteration of spent fuel, and for actinides, that are
partially controlled by the alteration of spent fuel and partially controlled by the
alteration of secondary phase minerals. In light of inadequacies of parameters (such as
release and retention fractions of actinides) required by this model, it may, at least,
serve as a case of sensitivity analyses.

Sorption Coefficients

With respect to recommendations for improving the sorption databases, there is dearly
a lack of experimental data concerning the sorption of radioelements on container
corrosion products. If credit is to be given to such sorption, then an experimental
program should be carried out to support the K, values used; specifically:

Identification of the exact nature of the corrosion products formed during the long-
term degradation of the multibarrier type of container (assuming that this type of
container is seriously under consideration for the disposal concept), and
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Collection of sorption data for key radioelements, focusing on those that would
benefit significantly from sorption on corrosion products. Scoping calculations
could be carried out initially to identify the radioelements that should be
investigated.
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7
FLOW AND TRANSPORT IN THE UNSATURATED AND

SATURATED ZONES (F. SCHWARTZ AND E. SUDICKY)

7.1 Introduction

The flow and transport models used in IMARC Phase 4 are the same as used in Phase 3
of the project. These models are described in detail in EPRI [19961 and are reviewed
here in Section 7.2.

Although the model itself is the same, much has been learned about conceptual
modeling of flow in the unsaturated zone (UZ) and saturated zone (SZ) in the past few
years, and this has affected our choices of parameters used as inputs to the UZ/SZ
models.

The most important driver for these changes has been the continuing integration of field
and theoretical studies by Lawrence Berkeley National Laboratory (LBNL), Los Alamos
National Laboratory (LANL), Sandia National Laboratory (SNL), the United States
Geological Survey (USGS), and the Saturated Zone Expert Elicitation (SZEE).

The remainder of this section reviews this recent work and describes how it has affected
our inputs to the UZ/SZ model. Section 7.3 describes conceptual and mathematical
modeling of the UZ and SZ. Recent work on dilution in sub-regional flow is
summarized in Section 7.4. Parameters used to model flow in the UZ are presented in
Section 7.5, while ground water velocities and matrix diffusion in the SZ are described
in Section 7.6.

7.2 Overview of UZ and SZ Flow and Transport Models

The hydrology model in IMARC Phase 4'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
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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 the radionuclide sorption and daughter-product ingrowth.

Uncertainty in the hydrology model is represented by 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 2x higher than the dry zone, and (2) strong focusing leading to
percolation fluxes in wet zones that are 5x 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.

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. [19941 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.

/ Sub-region ReceptorWei

/ 8 fi ~~~~~Base of /
/ ;__l } ~~~~~Repository Area/

Unsaturated:!I t

Figure 7-1
Schematic of modeling scenario (after Kool et al., 1994)

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
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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
classical 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.

Unsaturated Zone Flow in LMARC

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:

* The initial moisture distribution can be specified for each node, or equilibrium
gravity drainage can be assumed. In the current 1MARC implementation, the latter
is used.

* Relative permeability and capillary pressure data are input separately (via tables)
for each rock strata for both the rock matrix and the fractures.

* 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.

* 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.

* The unsaturated zone can be modeled as a single-porosity, single-permeability
(fractured) medium, or as a double-porosity, double-permeability (matrix-fractures)
system.

* 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.
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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.

7.3 UZ and SZ Conceptual and Mathematical Modeling.

UZ Modeling

Up through the early 1990s, the prevailing model for the UZ at Yucca Mountain held
that mean recharge rates were small, generally 1 mm/yr or less. With commonly
accepted rock properties, these low recharge rates translated into residence times for
water in the unsaturated zone of the order of 50,000 to 100,000 years and more. The
discovery of bomb-pulse QC1 in samples from the ESF prompted a refinement of this
model to incorporate a limited number of fast-fracture paths that were capable of
expediting flow to the level of the proposed repository. These fast-fracture pathways
coincide with major fracture zones. The conceptual model thus could accommodate the
existence of old water together with limited occurrences of post-1953 water (e.g.,
Fabryka-Martin et al., 1993). This conceptual model was being analyzed as recently as
1995 (e.g., Robinson et al., 1995), and formed the basis for our Phase 3 studies (EPRI,
1996).

Work by Flint and co-workers and the EPRI group continued to suggest that recharge
rates at Yucca Mountain were three to ten times higher. These high rates could only be
accommodated in the model presented above by significant lateral diversions of water
along fast-fracture flow paths. The capillary barrier was envisioned to develop between
the nonwelded Paintbrush and welded Tiva Canyon Tuff units. This barrier along with
the eastward dip of geologic units would promote the lateral flow within the Tiva
Canyon nonwelded unit to adjacent downdip fault zones. The Phase 3 EPRI analysis,
thus, viewed much of the infiltration as moving down fast-fracture pathways to provide
relatively small net infiltration (and long residence times) at the level of the proposed
repository.

Recent studies by LBNL and USGS have provided a basis for rethinking the conceptual
model for the UZ. Their most important change is that the "high" net infiltration by Flint
and co-workers generally moves through Yucca Mountain as a whole. This
conceptualization leads naturally to reduced residence time for water in the UZ and de-
emphasizes the importance of lateral diversion. Model studies by LBNL indicates that
approximately 15,000 to 20,000 years is required for water to move from the ground
surface to the water table away from the fast-fracture pathways (Bodvarsson et al.,
1997). These model calculations are in line with "4C dates of 3,000 to 7,000 years for
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water from perched zones in the UZ. Perched water is found in the Topopah Spring
(TS) tuff, or in the Calico Hills (CH) unit. Model calculations indicate that 7,500 years
would be required to reach the perched-water zone near UZ-14.

The mean travel time from the proposed repository to the water table is about 14,000
years (Bodvarsson et al., 1997). There is significant variability in this estimate because
below the repository there can be relatively complicated patterns of flow. Water
reaching the lower TSw and CHn units could be diverted down-dip when the vertical
fluxes exceed the transmission capacity of a unit.

Another major shift in thinking in recent years is related to the conceptualization of
fracture-matrix interactions. Several studies (e.g., Bodvarsson et al., 1997; Sudicky et al.,
1996) have suggested that the equivalent continuum approach to modeling flow and
transport in the UZ is probably not an adequate representation of the actual processes.
In the equivalent continuum approach, flow in a fracture is strongly coupled to the
matrix. Water samples collected from the perched zones indicate Cl- concentrations are
lower than pore-water samples from TSw. These results are suggestive of dominant
fracture flow with minor interaction with the rock matrix in the welded units.

In summary, there has been a significant change in the conceptual hydrologic model at
Yucca Mountain. The combination of increasing infiltration rates and absence of lateral
diversion have led to substantially reduced residence times in the UZ. The mean travel
time from the proposed repository to the water table would be approximately 14,000
years away from fast fracture pathways. Increasing infiltration during pluvial events
would reduce this number further.

SZ Modeling

There have been activities in modeling flow and transport southward towards the
Amargosa Desert. The purpose of these calculations was to support a health risk
assessment for a small community, located approximately 20 km down-gradient from
the potential repository. Several studies have been undertaken which contribute to
these calculations. The USGS has been working for a number a years to create a three-
dimensional ground-water model for the Death Valley regional flow system (D'Agnese
et al., 1997). The study area, comprising approximately 100,000 km2, includes Yucca
Mountain and key recharge and discharge areas. Information from this modeling effort
was used by groups from USGS and LANL (Czarneki et al., 1997) for a more detailed
analysis of flow conditions in the vicinity of Yucca Mountain. As shown in Figure 7-2,
the region of interest was a rectangular area 45 km long and 30 km wide. The analysis
was based on the FEHMN code with the boundary conditions and the geologic
framework abstracted from the regional, framework model.
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Figure 7-2
Map showing simulation domain from the USGS model study of ground water In
the vicinity of Yucca Mountain (from Czameki et al., 1997)
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This sub-regional flow modeling in the vicinity of Yucca Mountain was also designed to
support mass transport simulations as part of TSPA-VA. A preliminary draft of these
modeling results were presented in draft form February 1998 (TRW, 1998). Figure 7-3
presents simulated concentrations of a conservative solute at the 20-km compliance
boundary. As the concentration scale suggests, there are significant dilutions mainly as
a consequence of dispersion along the flow system.

In a report to the Nuclear Waste Technical Review Board (NWIRB), Gelhar (1998)
characterizes these results as "quite unbelievable". He questions the extent of dilution
that is apparent (three orders-of-magnitude) and the resulting "fat" plumes. He finds no
justification in other studies to support the extensive mixing experienced as the plume
moves toward the compliance boundary. His calculations would suggest dilutions of
the order of 2x or 3x due mainly to the inefficiency of transverse dispersion in causing
mixing.

Gelhar's (1998) arguments were sufficiently persuasive that the modeling approach
described above was abandoned. It was replaced by a much simpler "stream tube
model" that moved mass from the proposed repository to the 20-km compliance
boundary with dilutions ranging from approximately one to 100. Figure 7-4 shows how
fluxes reaching the water table from six UZ stream tubes are routed through the
saturated zone to the compliance boundary. The path lengths through different units in
the SZ streamrtubes are interpreted from other more complex models.

At the present time, travel to the 20-km compliance boundary is considered to have a
mean dilution factor of 10. The mean value is the same as was developed by the EPRI
team in the Phase 3 study.

Questions remain as to the extent to which dispersion will reduce concentration in
travel to the compliance boundary. This compliance boundary is now assumed to be
located 20 km from the proposed repository. The Phase 3 EPRI study had this boundary
located somewhat farther away from the repository. Looking back at the EPRI Phase 3
work, it is clear that our treatment of far-field dispersion was conservative relative to
other work at that time. The 1996 EPRI report pointed to the likelihood that any plume
emanating from Yucca Mountain would be relatively small and coherent. We criticized
conceptual models that viewed dilution as a consequence of mixing of sub-regional
flow systems in the Amargosa Desert. Our evaluation of the extent of mixing in sub-
regional flow was also substantially less than produced by the USGS/LANL modeling
activity that was halted in 1998 in favor of the stream-tube model.
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Figure 7-3
Example of the simulation results for transport of a conservative solute In the sub-
regional flow system at Yucca Mountain (from TRW, 1998)
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Figure 7-4
Schematic representation of the SZ ground-water model used to simulate
contaminant transport to the 20 km compliance boundary (from Sevougian, 1998).

One issue of the recent SZ expert elicitation was the extent of dilution in sub-regional
flow. There was considerable variation in the estimates of concentration dilution, which
translated into a broad range in estimated dispersivity values ranging from about 0.16
to 14 m (Figure 7-5 from Sevougian, 1998). The discussion of dilution factors has
focused mainly on estimates of vertical transverse dispersivity. The reason that vertical
transverse dispersivity is such an important parameter controlling the extent of dilution
comes from the likely shape of the plume. Most conceptualizations consider any plume
to be very wide (e.g., 3 km) but not very thick (e.g., 50 m). Thus, the most significant
mixing will result from vertical transverse dispersion, rather than horizontal transverse
dispersion. Gelhar thinks that vertical transverse dispersion will be extremely small,
contributing to small overall dilution as a function of transport. His view of dispersion
is based on an extensive review of tracer tests and is consistent with results of various
detailed tracer tests at sites like Borden and Cape Cod. Gelhar's estimate of dilution to
the compliance boundary is two to three (Gelhar, 1998). These small dilutions are three
to five times smaller than those presently used in IMARC.
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Figure 7-5
Results are expert elicitation for values of vertical transverse dispersivity. These
values are used with an analytical model to estimate dilution values. Gelhar's
estimates of dispersivity are significantly lower than those provided by other
experts.

7.4 Recent Work on Dilution In Sub-Regional Flow

As part of his presentation to the NWTRB, Gelhar (1998) presented a conceptual model
of transport that explained the factors giving rise to dispersion in various directions. He
explained that longitudinal dispersion is created mainly by variability in flow, related
to heterogeneities in hydraulic conductivity and the sorptive characteristics of the
medium. Transverse dispersion is caused by temporal fluctuations in the direction of
the hydraulic gradient. In most ground-water systems, these fluctuations have a more
noticeable effect on the horizontal transverse component of dispersion, as compared to
the vertical transverse component. For this reason, the horizontal transverse
dispersivity is usually much larger than the vertical-transverse dispersivity.

While this conceptual model is valid for many systems, it may require modification for
the Yucca Mountain system. Given that the rocks are fractured, opportunities would
likely exist for preferential flow in fractures at some angle to the mean hydraulic
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gradient. To examine this feature in detail, let us review simulation results for fractured
rock networks presented by Schwartz and Smith (1988).

Figure 7-6 shows a simple case with two sets of fractures oriented at 900 with respect to
each other. It is possible to calculate how mass would spread in moving through such a
network. Interestingly, if flow occurs as shown in Figure 7-6a, there would be no
longitudinal dispersion and only transverse dispersion. As the orientation of the
network changes with respect to the mean hydraulic gradient, the orientation of the
direction of maximum spreading changes and there is dispersion in a direction other
than the mean flow direction (Figure 7-6b, c). In order for transverse dispersion not to
develop in this system, the mean flow gradient would need to be oriented parallel and
perpendicular, respectively, to the two fracture sets (Figure 7-6d). Analyses of fractured
systems are limited, but this counter example shows that the dispersion paradigm for
porous media is not universally applicable to all fractured rocks.

It has not been established at Yucca Mountain how fracturing actually impacts
dispersion. In the absence of data, our conceptualization admits opportunities for
transverse dispersion. Transverse dispersion may also be promoted by fluctuations in
the mean velocity field related to ephemeral recharge. The Phase 3 EPRI report
described how periodic flooding events along Fortymile Wash might provide an
important source of recharge to the flow system. These events could enhance vertical
transverse dispersion by locally perturbing the mean ground-water flow direction.
Clearly, these analyses need to be done to establish likely impacts on dispersion.

Assuming that dilution factors will provide the basis for the IMARC model for several
years, one might question what value overall is reasonable. The previous estimate
(EPRI, 1996) was based on calculations with an analytic model with the prototype
system described in Table 7-1. The calculations used the Domenico Robbins (1985)
model. This model simulates one-dimensional advection in a uniform flow field, three-
dimensional dispersion, sorption and first-order kinetic losses. The previous
calculations assumed a source at the water table, permitting vertical spreading only in a
downward direction. Some of the simulations in this report provide for two-dimensions
of vertical spreading. These simulations would imply the plume is moving deeper, as
suggested by Gelhar (1998).
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Figure 7-6
The direction of maximum plume spreading through a fractured medium consisting
of two orthogonal fracture sets. The sets are oriented at four different angles with
respect to the mean hydraulic gradient [Smith and Schwartz, 19881
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Table 7-1
Summary of parameters utilized In the base-case simulation

Parameter Definition Value

C. Source Concentration 10000

V Linear Groundwater Velocity 1.7 x 1 04 mr/s

a, Longitudinal Dispersivity 20.0 m

Orvr aw Transverse Dispersivities 5.0 m

R. ~ Retardation Factor 1.0

Half--Ufe for Decay 1.0 x 10o s

Z Source Size - Vertical 50 m

Y Source Size Horizontal 800 m

As previous work (e.g., EPRI, 1996; Gelhar, 1998) pointed out, the dilution factor
depends to an important extent on the vertical dispersivity. Line a in Figure 7-7 shows
that for the base case, changing only the vertical transverse dispersivity from 5m to 0.1
changes the dilution factor for 15 km of transport from approximately 14 to 3. However,
this transport assumed that the plume formed at the water table, which constrained
vertical spreading to one direction. With two directions of spreading (Line b; Figure 7-7)
and the same dispersivities, dilution factors now ranged from approximately 27.5 to 4.
The last series of simulation results (Line c; 7-7) shows how reducing the source
thickness from 50 m to 25 results in an increase in the range of dilution factors from 55.6
to 7.5.

What these results illustrate is that vertical dispersivity in combination with other
factors influences the dilution factor. IMARC uses a dilution factor of 10, which the
results shown in Figure 7-7 suggest to be reasonably conservative. There is another
factor that will influence the extent of transport during transport. That factor is the
homogeneity of loading to the saturated systems at the source. Most models assume
that mass is loaded to the SZ over the entire footprint of the repository. This loading
creates a single huge plume that is relatively immune to dilution by dispersion because
of its very large size. In reality, mass inflow to the ground-water system will be highly
heterogeneous because of the variability in fluxes through the potential repository, the
fractured character of the rock, the thermal processes, and the differential behavior in
container failures. This kind of loading would provide a number of smaller plumes that
would be impacted by even modest dispersion. Experience with many industrial
solvent plumes shows that even at a source that concentrations are much lower than the
theoretical maximum. Localization of contamination within some large source volume
provides for significant dilution. This same effect will occur at Yucca Mountain.
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Figure 7-7
Results of simulation trials expressing dilution factor as a function of transverse
vertical dispersivity. Line (a) shows results of runs with one direction of vertical
spreading. Line (b) Involves two directions of vertical spreading. Line (c) Involv

The stream tube model used by the M&O and the present IMARC code do not explicitly
account for heterogeneities in mass distribution at the source. The increasing
dispersivities somewhat is one way that these source effects might be included. In
summary, it remains unlikely in our opinion that a single large plume will proceed 20
km with only a factor of two or three dilution.

Dilution Factors for Small Plumes

There are situations when contamination could develop from a small number of failed
containers. Under this condition, there would be significant opportunities for dilution
with transport in the sub-regional flow system. Dilution is enhanced relative to the
dilution factors cited above because of the source is small in relation to the extent of
transport. A series of simulation trials again were carried out with the Domenico
Robbins (1985) model. The base case parameters for this run are summarized in Table
7-2. The main difference from the previous simulation trials lies in the source size. The
vertical thickness of the source (Z) is assumed to be 1 m with a width of 5 m (Y). This

7-15



FLOW AND TRANSPORT IN THE UNSATURATED AND SATURATED ZONES (F. Schwartz and E.
Sudicky)

source size assumes loading from a single container oriented parallel to the mean
direction of flow.

These dilution calculations are carried out for a plume starting somewhere at the edge
of the footprint of the potential repository and moving 20 km downgradient. For
comparative purposes, dilution factors are calculated with four different values of
vertical dispersivity, 5.0 m (base case), 3.0 m, 1.0 m, and 0.1 m.

Table 7-2
Summary of parameters utilized In the base-case simulation of a small plume

Parameter Definition Value

CO Source Concentration 1.o x 10,

v Linear Groundwater Velocity 1.7 x 1V m/s

.y

Longitudinal Dispersivity

Transverse Dispersivities

Retardation Factor

20.0 m

5.0 m

1.0

1.0 x 102 s

I m

5m

ti12

z

Half-Life for Decay

Source Size - Vertical

Source Size - HorizontalY

As expected, the small source coupled with a relatively long travel distance produces
very large concentration dilutions across the range of transverse vertical dispersivities
tested. Values range from 1.88x105 with a transverse vertical dispersivity of 5 m to
2.66x104 with a transverse vertical dispersivity of 0.1 m.

Table 7-3
Dilution at 20 km as a function of the transverse vertical disperslvity for the small-plume
case.

Transverse Dlspersivity
(m)

Dilution Factor

5.0 1.88 x 106

3.0 1.45 x 10I

1.0 8.43 x 104

0.1 2.66 X 104
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The issue of how to handle cases where a small number of containers fail within the
context of a performance assessment calculation has been of some concern. For
example, in TSPA-VA, loading from an individual container was applied across the
entire repository, creating an effective dilution factor of 104. Interestingly, if we accept
the initial dilution factor of 104 and a factor of 10 in the saturated zone, the overall
dilution is 105. From Table 7-3, we see that such dilution is what might be expected for
transport along the flow system. In effect, with TPSA-VA approach "two wrongs make
a right". In effect, dilution at the source is overestimated but dilution during transport is
underestimated. The dilutions combine to provide a reasonable dilution overall.

7.5 Simulation Parameters for Flow In the UZ

There has been continuing progress by Bodvarsson et al. (1997) in the development of a
set of parameters for the UZ that incorporate the most recent field measurements and
through inverse calculations, accommodate observations of soil moisture in the UZ.
The base set of parameters was also calibrated with pneumatic data, and provided
simulation results consistent with the measured ages of perched water (Bodvarsson et
al., 1997).

As has been the case before, the PA calculations have idealized the geologic setting in
terms of four layers. Table 7-4 presents parameters for the matrix and Table 7-5
presents parameters for the fractures.
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Table 7-4
Summary of hydraulic parameters for the matrix In the unsaturated zone

Unit Selected Parameters Value

TSw 3C thick (m) 111.2

porosity 0.12

bulk density kg/m3 2247
saturated K (m2) 1.1 x 10o'"

oC, 1/rm 0.011

Dva m/s 1.47

SI 0.045

TSv 4 thick (m) 8.4

porosity 0.05

bulk density kg/m 3 2308

saturated K (m2) 8.9 x 10 "

Cv 1/m .0060

Ln ms 1.59

Sr 0.118

CHnv 5 thick (m) 80.7

porosity 0.28

bulk density kg/rn' 1737
saturated K (m2) 1.5 x 1013

oh, 1/m 0.79

r r/s 1.29

S. 0.097

CHnz 6 thick (m) 121.2

porosity 0.25

bulk density kg/rn3 1746

saturated K (m2) 1 x 1017

,Cx,, 1/m 0.010

rv. n/s 1.38

SI 0.121

7-18



FLOW AND TRANSPORT IN THE UNSATURATED AND SATURATED ZONES (F. Schuartz and E.
Sudicky)

Table 7-5
Summary of hydraulic parameters for the fractures In the unsaturated zone

Unit Selected Parameters Value

TSw 3C thick (m) 111.2

porosity 2.75 x 104
bulk saturated K (mi) 4.3 x 10J

fracture spacing (m) 0.74

CaC 1/m 0.83

Pvr mts 3

S. 0

TSv 4 thick (m) 8.4

porosity 2.44 x 10"

bulk saturated K (m2
) 1.2 x 10.12

fracture spacing (m) 0.88

DccG 1/m 1.2
L rns 3

Sr 0

CHnv 5 thick (m) 80.7
porosity 9.98 x 104

bulk saturated K (m2) 2.5 x 10-13

fracture spacing (m) 1.62

cc 1/m 11.7
PWG Mn/s 3

SI 0

CHnz 6 thick (m) 121.2

porosity 4.84 x I0'4
bulk saturated K (m2 ) 2.5 x 10.14

fracture spacing (m) 1.62

oc,, 1/m 11.0

Min/s 3
SI 0
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7.6 Linear Ground-Water Velocities and Matrix Diffusion in the SZ

The greatest problem in characterizing SZ flow is that so little data actually exists for
much of the region over which flow is occurring. Gelhar (1998) used the term "data
hole" to describe a region from along Fortymile Wash south to Amargosa Valley. As
more interest developed in modeling flow in the saturated system, there have been
various velocity values proposed.

Presently, TSPA-VA assumes a specific discharge in the SZ of 0.6 m/yr. This value is
divided by an effective porosity value to provide advective velocity values along the 20-
km flowpath to the compliance boundary. The effective porosity value changes
depending upon whether flow is through fractured tuff or valley fill. For nonretarded
species, the travel time to the compliance boundary is approximately 950 years. Over 20
km this translates to a mean linear velocity of approximately 21 m/yr. However, the
linear flow velocity along the fractured leg of the path is much higher than through the
valley fill. These linear velocities are higher than those used in previous TSPA
calculations which are of the order of 5 m/yr (e.g., Barnard et al., 1991). The TSPA
calculations do not explicitly account for diffusion into the matrix.

In the Phase 3 IMARC studies, we utilized a linear ground-water velocity of 100 m/yr.
However, because the SZ model involved a dual permeability formulation,
contaminants were free to diffuse into the matrix. This process effectively reduced the
velocity of contaminant transport to a fraction of the linear ground-water velocity, even
for nonsorbing species. Thus, the expected advective velocity for a contaminant is
comparable to values used in the previous TSPA modeling efforts, where diffusion into
the matrix was not explicitly considered. In the present analysis, we utilize a linear
velocity of 50 m/yr.

The extent to which diffusion into the matrix operates during SZ transport depends
upon the block size. The model in the present calculations is constructed assuming that
blocks are spherical in shape, with block size characterized by a radius. Our base case
represents the fractured rock as homogeneously fractured. Information on fracture
spacings and rock-block size is taken from TSPA 1993 (Wilson et al., 1993). For the
Bullfrog Welded Unit, block spacings were estimated to be 0.74 m.

Conceptualizing rock units as being homogeneously fractured is an oversimplification
of the actual setting. For example, Reimus and Turin (1997) describe how tracer tests at
the C-holes complex found flow to be highly channelized. Tracers traveled along two or
three main pathways in moving between wells separated by approximately 30 m.
However, not all of the mass followed these main pathways. A significant proportion of
the tracer mass did not reach the pumping well during the tests. The scale of these
highly permeable fractures, giving rise to channelization, is not presently known.
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The SZ model in IMARC is not capable of representing highly channelized flow. If such
channelized flow is occurring on a large scale, then our conceptualization probably
overestimates the opportunities for matrix diffusion. In effect, channelization reduces
the area of contact between the matrix and the fracture network. We examine this effect
by providing a range in the radius of the matrix block in the unsaturated zone. The base
case value of 0.38 m represents the case where the SZ is assumed homogeneously
fractured on a large scale. A lower value of 0.075 m represents general uncertainty in
the base-case value. The largest value, 5.0 m, is designed to represent the effects of
channelized flow. In effect by providing this large value, the matrix becomes less
available for matrix diffusion.
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8
BIOSPHERE MODEL AND SELECTED HYPOTHETICAL

EXPOSURE GROUPS (G. SMITH AND J. KESSLER)

8.1 Introduction

It is likely that the quantitative measure of compliance for the candidate HLW
repository at Yucca Mountain will be the "expected value" of dose (or possibly health
risk) to an average individual in a hypothetical group of highly exposed individuals
termed a "critical group". Doses or health risks to humans are only possible if the
radionuclides released from the repository reach the biosphere. Potential exposure
pathways in the biosphere can generally be classed into three broad categories:
ingestion, inhalation, and external exposure. The actual pathway leading to exposure
will be a function of many factors such as:

Details of the assumed human behavior (e.g., where they live, what they do, what
they eat and drink and where their food and water has been produced)

Human physiology

Radionuclide type

The "geosphere/biosphere interface" (affects where and how radionuclides are
transferred from the geosphere into the biosphere

A multitude of biosphere characteristics, many of which are similar to geosphere
characteristics, but with many additional characteristics unique to the biosphere

For example, if it is assumed that the hypothetical critical group is engaged in
agriculture where at least some of the water for irrigation is derived from contaminated
groundwater, then possible exposure pathways via ingestion of contaminated
agricultural products become numerous. Details of these factors that have been
considered by EPRI in the past for Yucca Mountain TSPA were reported in Smith et al.
[1996] and EPRI [1996].
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8.2 The "Critical Group" concept applied to Yucca Mountain

The basic concept of a "critical group", similar to the "maximally exposed individual"
(MEI) concept used by EPA, is based on:

"...a reasonable and practicable objective ... to protect the vast majority of
members of the public while also ensuring that the decision on the acceptability
of a repository is not prejudiced by the risks imposed on a very small number of
individuals with unusual habits or sensitivities. A situation to be avoided,
therefore, is an extreme case defined by unreasonable assumptions regarding the
factors affecting dose and risk while meeting the objectives of protection the vast
majority of the public." [NAS, 19951.

Put another way, the critical group should represent a reasonable upper bound on
potential dose/health risk consequences due to radionuclides entering the biosphere.

The International Commission on Radiological Protection (ICRP) has provided the basic
description of what constitutes a "critical group". The ICRP adopts a "cautious but
reasonable" policy to critical group definition. In establishing the concept of a "critical"
group ICRP 26 [ICRP, 1977, para 85] noted 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 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."

For situations where it is reasonable to assume that the statistical variation of dose
among the exposed population is comparable with that in a given present-day
population (e.g. for routine discharges from planned or existing operational facilities),
ICRP has developed specific guidance on the application of the critical group approach.
In particular, attention has been given (paras. 67-69 of ICRP Publication 43, 1985) to
interpreting the requirement for homogeneity within the critical group in the context of
environmental monitoring [ICRP, 19851. This guidance can be summarized as follows:

The dose limits are intended to apply to mean doses in a reasonably homogeneous
group. The necessary degree of homogeneity in the critical group depends on the
magnitude of the mean dose in the group as a fraction of the relevant source upper
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bound (or constraint). If that fraction is less than about a tenth, a critical group
should be regarded as relatively homogeneous if the distribution of individual doses
lies substantially within a total range of a factor of ten, i.e. a factor of about three
either side of the mean. At higher fractions, the total range should be less,
preferably no more than a factor of three.

* In an extreme case (for example when dealing with conditions in the far future,
which cannot be characterised in detail), it may be convenient to define the critical
group in terms of a single hypothetical individual.

* Usually, however, the critical group would not consist of one individual (as this
would be statistically unrepresentative), nor would it be so large that it violated the
homogeneity criterion.

* The size of a critical group will usually be up to a few tens of persons. In a few
cases, where large populations are uniformly exposed, the critical group may be
much larger.

• In habit surveys, it is not necessary to search for the most exposed individual within
a critical group in order to base controls on that one person. The results of a habit
survey should be regarded as an indicator of an underlying distribution and the
value adopted for the mean should not be unduly influenced by the discovery of one
or two individuals with extreme habits.

* In calculating doses to critical groups, metabolic parameters should be chosen to be
typical of the age groups in the normal population rather than extreme values.

NAS [19951, in their report suggesting appropriate technical bases for EPA regulations
of Yucca Mountain, also extended the critical group concept to apply to health risk
rather than dose:

The critical group for risk should be representative of those individuals in the
population who, based on cautious, but reasonable, assumptions, have the
highest risk resulting from repository releases. The group should be small
enough to be relatively homogeneous with respect to diet and other aspects of
behavior that affect risks. The critical group includes the individuals at
maximum risk and is homogeneous with respect to risk. A group can be
considered homogeneous if the distribution of individual risk within the group
lies within a total range of a factor of ten and the ratio of the mean of individual
risks in the group to the standard is less than or equal to one-tenth. If the ratio of
the mean group risk to the standard is greater than or equal to one, the range of
the risk within the group must be within a factor of 3 for the group to be
considered homogeneous.
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8.3 Biosphere model used as input to the TSPA calculations

The biosphere model used in these EPRI TSPA analyses is the same as used in EPRI
(1996), which was reported in full in Smith et al. (1996). The model is briefly
summarized here.

For the purposes of the results of the dose calculations presented in this chapter, a
farming "critical group" was considered. The radionuclides considered and associated
decay chains are given in Table 8-1. The pathways by which the critical group is
exposed are given in Table 8-2; the group's individual consumption rates, and
occupancy and breathing rates are given in Tables 8-3 and 8-4.

Data available in 1996 for values of dose per unit intake have been used [IAEA, 1994].
These take account of revisions to ICRP definitions of dose [ICRP, 19911, and other new
recommendations on metabolism of the various elements. (ICRP sources available in
1996 for values of dose per unit intake, notably ICRP [1993] and [1995], were not 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:

• the critical group consume only local produce derived exclusively 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.'

Dose conversion factors (Sv y-1/mol y-1) for peak total dose (summed over all
pathways) and drinking water doses for unit flux of each radionuclide to the well are
presented in Table 8-5. 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.

This is an important distinction that will be explored further in Section 18. It is possible to assume even higher
exposures to individual pathways (e.g., to assume the individual consumes even more beef than assumed in Table 8-
2), but to assume that a single individual could consume from all pathways at this elevated level would be physically
unrealistic.
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Table B-1
Radionuclides Considered In the Study (from Smith et al. [1996], Table 5-1)

Parent Daughters

Se-79

Nb-94

Tc-99

1-129

Cs-1 35

Pu-240 U-236 =>Th-232 => Ra-228 =>Th-228

U-236 Th-232 => Ra-228 => Th-228

Th-232 Ra-228 => Th-228

Ra-228 Th-228

Th-228

Np-237 Pa-233 => U-233 => Th-229

Pa-233 U-233 => Th-229

U-233 Th-229

Th-229

Pu-242 U-238 =>U-234 =>Th-230 =>Ra-226 =>Pb-210 => Po-210

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

Ra-226 Pb-210 => Po-210

Pb-210 Po-210

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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Care should be taken when analyzing and applying the conversion factors presented in
Table 8-5. 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 radionudlide
concentrations in the groundwater entering the well (which is acting as the transfer
agent between the geosphere and the biosphere). Applying the Table 8-5 values to
radionuclide concentrations in groundwater at locations other than at the well would be
inappropriate.

Table 8-6 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.

Table 8-2
Critical Group Exposure Pathways (from Smith et al [19981, Table 5-7)

External irradiation from:

soil/sediment V (upper soil)

water V
Inhalation of:

suspended soil/sediment V (upper soil)

Ingestion of:

cow meat v (1)

cow liver V (1)

cow milk

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 8-3
Critical Group Consumption Rates (from SmIth et al. [1996], Table 58)

Foodstuff Consumption Rate (kg fw y')

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 (mi y-1) 0.6
Soil 0.05
Note: fw: fresh weight

Table 8-4
Critical Group Occupancy and Breathing Rates (from Smith et al. [1996], Table 5-9)

Compartment Occupancy Rate Breathing Rate
(h y1 ) (in h 1)

Well Water 1.20E + 2 (1) NA
Upper Soil 4.38E + 3 1.8E + 0
Note: It is assumed that well water is used for bathing.

NA Not Applicable
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Table 8-5
Dose Conversion Factors for Unit Flux to the Well (from errata in Smith et al. [1996], Table
5-20)

Flux to dose conversion factor (Sv y ' mol y1)

Radlonucilde Total Dose Drinking Water Dose

Se-79 7.7E + 1 1.4E - 2

Nb-94 3.3E+ 1 2.5E -2

TC-99 1:7E - 2 9.OE - 4

1-129 1.4E - 2 2.1 E - 3

Cs-135 1.3E - 2 2.6E - 4

Pb-210 3.OE + 5 2.6E - 4

Po-210 2.9E+6 4.OE+5

Ra-226 7.3E + 3 6.9E + 1

Ra-228 8.0E + 4 1.6E + 4

Ac-227 9.7E+4 1.6E+4

Th-228 1.3E + 5 2.6E + 4

Th-229 1.1E + 3 6.6E + 1

Th-230 3.4E + 2 8.6E - 1

Th-232 1.1E - 3 6.6E + 1

Pa-231 5.1E + 2 6.8E + 0

Pa-233 2.1E + 3 4.4E + 2

U-233 1.9E + 0 9.5E - 2

U-234 9.4E -1 6.OE - 2

U-235 3.2E - 4 2.oE - 5

U-236 3.5E - 3 5.9E - 4

U-238 2.8E - 5 3.2E - 6

Np-237 7.4E - 2 1.6E - 2

Pu-239 4.6E + 1 3.1 E + 0

Pu-240 1.5E + 2 1.2E + 1

Pu-242 5.3E+0 1.9 E- 1

Am-243 1.5E + 2 8.2E + 0
Notes: (1) 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 8-6
Top Three Exposure Pathways Contributing to Peak Total Dose (from errata In Smith et al.
[1996], Table 5-21)

Radionuclide Top Three Exposure Percentage Contribution
Pathways to Peak Total Dose

Se-79 Cow Liver 72.1
Cow Meat 11.7

Sheep Meat 3.53
(Drinking Water) (0.02)

Nb-94 External irradiation from soil 98.6
Cow Milk 0.65
Cow Meat 0.21

(Drinking Water) (0.1)
Tc-99 Fruit 30.2

Root Vegetables 17.7
Grain 14.8

(Drinking Water) (5.4)
1-129 Fruit 43.9

Drinking Water 15.3
Grain 13.7

Cs-135 Cow Meat 18.7
Fruit 13.8

Root Vegetables 10.7
(Drinking Water) (2.0)

Pb-210 Cow Liver 32.9
Chicken Liver 24.3

Fruit 20.4
(Drinking Water) (8.6)

Po-21 0 Chicken Liver 34.5
Fruit 32.2

Drinking Water 13.6
Ra-226 Chicken Liver 42.5

Cow Liver 26.3
Root Vegetables 5.83
(Drinking Water) (0-9)

Ra-228 Fruit 47.3
Drinking Water 20.4

Root Vegetables 10.8
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Table 8-6(continued)
Top Three Exposure Pathways Contributing to Peak Total Dose (from errata In Smith et al.
[1996], Table 5-21)

Radlonuclide Top Three Exposure Percentage Contribution
Pathways to Peak Total Dose

Ac-227 Fruit 43.2

Drinking Water 16.8

Cow Liver 12.9
Th-228 Fruit 49.3

Drinking Water 20.5

Root Vegetables 11.7
Th-229 Inhalation of Dust 56.1

Fruit 15.4
Cow Liver 8.13

(Drinking Water) (6.1)
Th-230 Chicken Liver 40.8

Cow Uver 25.3

Inhalation of Dust 7.18

(Drinking Water) (0.3)
Th-232 Inhalation of Dust 40.1

Fruit 11.1

Root Vegetables 10.5
(Drinking Water) (2.4)

Pa-231 Inhalation of Dust 53.6

Root Vegetables 12.5

Fruit 10.1
(Drinking Water) (1.3)

Pa-233 Fruit 53.2
Drinking Water 20.7

Root Vegetables 11.9
U-233 Inhalation of Dust 62.0

Fruit 13.1
Cow Liver 6.16

(Drinking Water) (4.9)
U-234 Inhalation of Dust 29.9

Chicken Liver 17.7
Fruit 17.5

(Drinking Water) (6.4)

8-10



BIOSPHERE MODEL AND SELECTED HYPOTHETICAL EXPOSURE GROUPS (G. Smith and I. Kessler)

Table 8-6(continued)
Top Three Exposure Pathways Contributing to Peak Total Dose (from errata In Smith et al.
[1996], Table 5-21)

Radionuclide Top Three Exposure Percentage Contribution
Pathways to Peak Total Dose

U-235 Inhalation of Dust 42.1
Fruit 20.0

Root Vegetables 10.9
(Drinking Water) (6.2)

U-236 Fruit 43.2
Inhalation of Dust 18.7
Drinking Water 17.0

U-238 Inhalation of Dust 43.9
Fruit 29.3

Drinking Water 11.6
Np-237 Fruit 54.6

Drinking Water 21.1
Root Vegetables 12.3

Pu-239 Inhalation of Dust 57.2
Fruit 17.5

Cow Uver 8.91
(Drinking Water) (6.8)

Pu-240 Inhalation of Dust 53.5
Fruit 20.1

Cow Uver 8.84
(Drinking Water) (7.8)

Pu-242 Inhalation of Dust 76.5
Fruit 9.39

Cow Uver 5.10
(Drinking Water) (3.7)

Am-243 Inhalation of Dust 58.9
Fruit 14.3

Cow Uver 9.89
(Drinking Water) (5.5)
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8.4 Consideration of Alternate Geosphere/Biosphere Interfaces, Exposure
Pathways and Exposure Groups

The dose conversions described above were for a "critical group" with fixed habits in a
fixed biosphere. Both the critical group habits and the biosphere itself (agricultural
scenario using contaminated groundwater for all irrigation) were assumed to provide
the (reasonably) highest doses per unit concentration of radionuclides in the
groundwater possible. Yet the dose conversion numbers such an analysis provides
gives no indication about just how conservative such an approach is. The critical group
behavior is likely to be quite conservative because it is assumed that the hypothetical
critical group extracts groundwater from the point of highest contamination in the
contaminant plume, and that this contaminated groundwater is used for 100% of their
food and water needs for their entire lifetime. For example, at the time of the analysis
(1994-1996) it was unknown how many, if any, of the residents living in the Yucca
Mountain vicinity actually display this sort of "critical group" behavior.

Section 10 of EPRI [19961 explored a few other alternate hypothetical exposure groups
in addition to the critical group described above. On a purely illustrative basis,
estimates were provided for:

* the probability that the well extracted groundwater from the plume (or the fraction
of wells extracting water from the plume);

* the probability that the contamination was detected and treated (or avoided) prior to
use (or the fraction of wells detecting and treating/avoiding);

a dilution due to mixing with uncontaminated water during extraction

* the fraction of all water/food usage derived from the groundwater well; and

* the proportion of the individual's lifetime spent in the Yucca Mountain vicinity.

The results of these illustrative calculations suggest that doses averaged over the entire
local community are likely to be several orders of magnitude lower than the estimated
dose for the average member of the critical group. How many orders of magnitude
lower depends on the assumptions made about local population behavior. This should
not be construed to mean that there will not be a few individuals with much higher
doses than the local average [Pigford, 1996]. What is missing from the illustrative
analyses for the average dose for the local population is some estimate of the distribution
of dose within the local population.

The basis for exploring individual dose distribution within the local population
presented in Section 18 of this report was risk "tolerability" [Health and Safety
Executive, 1992]. Society tends to "tolerate" higher individual risk levels if the size of
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the group at risk is small; society tends to tolerate lower individual risks if the group
size is fairly large. Thus, it would be useful to provide some estimate of the number of
hypothetical individuals who might have habits and characteristics similar to that of the
hypothetical critical group. Two illustrations of the individual dose distribution in the
Yucca Mountain vicinity due to variability in diet for two different hypothetical
exposure groups are presented in Section 18.

In the 1996 work no consideration was given to the uncertainties or variabilities of the
biosphere FEPs parameters. This issue is also explored in Section 18. The 1996 work
also considered only a single geosphere/biosphere interface: agricultural pathways via
direct irrigation of contaminated groundwater. Appendix 3 considers a few other
potential geosphere/biosphere interfaces involving groundwater arriving at or near the
land surface in an attempt to assess whether the agriculture scenario used in EPRI
[19961 was a reasonable upper bound.
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9
REPOSITORY PERFORMANCE AND SENSITIVITY

STUDIES (R. MCGUIRE, J. VALASITY, AND J. KESSLER)

9.1 Background

Performance assessments use calculations of radionuclide release and dose to evaluate a
repository's performance, using several formats. The calculations we present in this
Section concentrate on estimating dose to the average member of a critical group
located 5 an downstream from the repository boundary (i.e. 5 km from the edge of the
"accessible environment"). Most of these results and sensitivity studies are presented
as doses to a maximally exposed individual for transport pathways considering water
as the only means of ingestion; others present results for all pathways to ingestion.

The EPRI project uses its Integrated Multiple Assumptions and Release Calculations
(LMARC) code to calculate dose vs. time using a logic tree format in which specific
critical input parameters are identified and treated as uncertain. The program
organizes the uncertainties into a "logic tree" and calculates all possible combinations of
these parameters (and their weights), and for each combination estimates radionuclide
concentration and dose vs. time. The logic tree approach (EPRI, 1996) represents
uncertain inputs to PA calculations as nodes in a tree, with branches from a node
indicating alternative models or parameter values for that input and the weight
associated with that model or parameter value. Choices for each branch and/or the
weight given to each branch can depend on values of previous branches (upstream or to
the left in the logic tree).

A representation of the logic tree used for this project to estimate doses, including the
alternative input parameters and their weights, is shown in Figure 9-1. This logic tree
results in 108 different combinations of input parameters, as follows:

Climate Scenarios (2 alternatives)

Infiltration (3 alternatives)

Focused flow factor (2 alternatives)
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Solubility/alteration time (3 alternatives)

Retardation (3 alternatives)

CLIMATE FOCUSED SOLUBIULTY
SCENARIO INFILTRATION FLOW AND ALTERATION RETARDATION

FACTOR TIME

Figure 9-1
Logic tree structure for the "full run" (108 branches) "base case".

Input values of climate scenarios, infiltration rates, focused flow factors, solubilities and
alterations rates, and retardation values for each radionuclide are summarized here and
are documented in previous Sections or in EPRI (1996).

The logic tree approach has been used in the EPRI work because of advantages it has
over alternatives, namely the Monte Carlo method. First, structure and dependency of
the approach is dearly documented by the logic tree, which is necessary for
communication among multiple consultants providing inputs from diverse fields.
Second, the number of parameters that are varied is strictly controlled by the logic tree
format. This means that calculations using detailed software codes can be structured
efficiently. For example, the SZ flow calculations in the IMARC code are done only 12
times, because only changes in the first three branches of the logic tree affect the three-
dimensional flow code. As a result, an accurate calculation of SZ hydrologic flow is
included in the PA calculations. This would be much less efficient for a Monte Carlo
approach where all parameters vary in each simulation; the SZ flow code would have to
be re-run for each simulation. Third, the logic tree approach facilitates sensitivity
studies for the input models and parameters that are treated as uncertain. Sensitivity
curves are easily derived as part of each overall calculation, and such studies will be
presented below.
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Use of the logic tree approach is an evolutionary process that identifies key models and
parameters, includes them in initial logic tree representations, and investigates the
sensitivity of releases and doses to those models and parameters. Initial choices that are
not influential are removed, and other choices that indicate more importance are
substituted. The EPRI program has benefited from three previous phases of
applications, and the current study has identified and included in the logic tree the
major contributors to uncertainty in release and dose. As part of the abstraction for the
logic tree, many variations in models and parameters are synthesized down to
variations in one parameter. For example, the many variables that control infiltration
(as described in Section 3) are abstracted into a single variable that represents net
infiltration to the repository level, using "off-line" calculations. Instead of varying all
fracture/matrix properties, heat outputs, and interactions between containers and the
disturbed zone, we vary just temperature vs. time curves and the fraction wet for
various conditions, as this is what controls container failures and releases in our
models. We believe this level of abstraction is justified.

To be sure, there are disadvantages to the logic tree approach as compared to Monte
Carlo simulation. The number of computer runs is more easily controlled by
simulation, whereas for the logic tree it can easily become large if nodes are added to
the tree indiscriminately. A large number of parameters can be varied simultaneously
in simulation, without changing the number of simulations. Overall, the EPRI project
has adopted the logic tree approach, believing that its advantages outweigh the
disadvantages and believing that demonstrating PA with an alternative method to
Monte Carlo simulation has value in itself.

Climate. For future climate conditions, previous work on climate predictions (EPRI,
1996) has been abstracted into three assumptions: (1) minor greenhouse effect, (2)
moderate greenhouse effect, and (3) permanent greenhouse climate. These provide
differences among future climates as they affect Performance Assessment (PA)
calculations. As will be demonstrated in the sensitivity calculations, minor- and
moderate-greenhouse effects produce substantially the same releases and doses, which
is why they have been combined into one assumption in the logic tree. Within each
climate assumption one sequence of climate changes is used, as follows:

Minor greenhouse effect 0 to 3k yrs: Greenhouse
3k to 25k yrs: Interglacial (current)
25k to 50k yrs: 2/3full glacial max. (FGM)
50k to 65k yrs: FGM
65k to 90k yrs: 1/3 FGM
90k to 100k yrs: Interglacial

Moderate greenhouse: 0 to 10k yrs: - Greenhouse
10k to 25k yrs: Interglacial
25k to 50k yrs: 1/3 FGM
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50k to 65k yrs: 2/3 FGM
65k to 90k yrs: 1/3 FGM
90k to 100k yrs: Interglacial

Permanent greenhouse: 0 to 10k yrs: Greenhouse
10k to 1M yrs: Interglacial

The first two climate scenarios assume that the greenhouse effect will perturb the future
climate for only the first 100,000 years, after which the climate reverts to its
"historically" normal cycle, as follows:

"Historically" normal cycle, occurring every 100k years beginning 100k years from
now:

0 to 40k yrs: 1/3 FGM
40k to 55k yrs: 2/3 FGM
55k to 65k yrs: FGM
65k to 90k yrs: 2/3 FGM

90k to 100k yrs: Interglacial

As a practical matter, the "minor" and "moderate" greenhouse scenarios were found to
give similar estimates of dose and therefore were combined and treated using the
"moderate" scenario in the logic tree applications for IMARC. Sensitivity results
presented below demonstrate this similarity between the two scenarios.

Net Infiltration. Net infiltration is the net flux of groundwater below the root zone into
geologic units. Net infiltrations were calculated from models of precipitation and the
effects of soils, vegetation, and hydrologic units. Probability distributions of net
infiltration from those calculations were recognized as variable from year to year, and
were averaged to generate long-term average flow parameters at depth. Low,
moderate, and high estimates of the average net infiltrations in mm/yr for the different
climates were calculated as follows:

Low Moderate High

Greenhouse: 1.9 11.3 19.2
Interglacial: 1.11 7.2 9.6

1/3 FGM: 2.8 11.6 19.2
2/3 FGM: 4.9 16.0 28.6

FGM: 6.8 19.6 35.4

For application within IMARC, we assumed a time-invariant climate after the first 100k
years with infiltration treated as a time average of the values corresponding to the
"historically normal" climate conditions indicated above.
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In contrast to previous JMARC applications, we do not assume that lateral diversion of
infiltration occurs in the current study. Therefore deep percolation to the repository
level is assumed to equal net infiltration as quantified above.

Hydrothermal effects. Interactions among fluid flow, chemistry, and thermal
environment continue to be a major part of the EPRI IMARC model. Revised estimates
of system behavior are presented in Section 4 that describe the interactions among the
degree of flow focusing, the thermal behavior of parts of the repository, and
assumptions on infiltration. These are described in Section 4, with the assumptions
being synthesized in the form of Table 9-1, which shows the fractions of the repository
that are wet under various assumptions. This table quantifies the temperatures of
waste containers and the fraction of them that are contacted by water.

In addition to the wet fractions of the repository, an additional important model is the
temperature behavior with time. The a, A, and y temperature curves quantify this
behavior for parts of the repository, as discussed in Section 4. Also, the thermal pulse is
assumed to last for 3,000 years, after which repository reverts to temperatures below
boiling.

Table 9-1
Fractures of Repository Wet

Focusing: Strong (p = 0.8) Weak (p = 0.2)

Infiltration: low mod high low mod high
(p=.05) (p=.9) (p=.05) (p=.05) (p=.9) (p=.05)

Thermal period 0 0 0 .2 .2 .2

Hot (80%) Current climate 0 0 0 0 0 0

Glacial climate 0 0 0 0 .1 .2

Thermal climate .4 .4 .4 .4 .4 .4

Cold (20%) Current climate 0 .35 .35 0 .2 .2

Glacial climate .3 .5 .6 .1 .35 .4
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We assume that fracture flow is the predominant mode of water flow through the UZ.
Although we understand that containers will not be placed in fracture zones containing
obvious water flow, water may still contact containers through several possible
mechanisms. There may be localized fractures in the UZ that remain dry except during
periods of protracted high precipitation, when these fractures flow with water.
Alternatively some containers may be inadvertently placed too close to recognized
zones of flow, areas where there is still some focusing of water. The zones of focused
flow have local percolation rates that are assumed to be high enough to cause dripping
into open drifts and onto waste containers. These are termed "wet" zones. The
remainder of the repository is considered to be "dry," meaning that the local
percolation rate is too low to cause dripping into open drifts, so containers remain free
of dripping water.

Focused flow factors are taken directly from the estimates in Section 4. The amount of
flow focusing is taken to be uncertain and is quantified by values of 2 ("weak" flow
focusing) and 5 ("strong" flow focusing). Water is conserved in the system because the
increased infiltration (net infiltration at the surface times the focused flow factor) is
applied to only a fraction of the repository, that fraction being the wet part of the
repository under either hot or cold conditions.

Fractions of repository wet. The fractions of the repository that are wet under various
conditions are a critical assumption in any PA. The method used to derive these wet
fractions is documented in Section 4. A summary of the fractions wet is included here
as Table 9-1. These fractions depend on the degree of flow focusing, the location within
the repository (hot or cold section), the level of infiltration, and the climate conditions.
These fractions apply for all time periods.

Waste container failures. The waste container failure model is presented in Section 5,
and this model is adopted for the PA calculations without abstraction. Container failure
is represented as a set of distributions that are dependent on the thermal history of the
repository. Wet drips directly on the waste packages are assumed. Corrosion
mechanisms considered for waste container failure include: aqueous general corrosion,
humid air corrosion, localized corrosion (crevice and pitting corrosion),
microbiologically influenced corrosion, and radiolytic corrosion. Early failures of
containers are assumed to be possible as a result of manufacturing flaws, construction
errors, or emplacement mishandling, with failures of a small fraction of all containers
occurring at and soon after emplacement.

The waste container described in Section 5 is assumed for the PA calculations. This
container consists of a "corrosion allowance material" (10 cm of carbon steel)
surrounding 2 cm of a "corrosion resistant material" (Alloy C-22). For all calculations a
horizontally emplaced container is assumed.
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Source term. Section 6 describes the parameters of the source term model. The model
itself is documented in EPRI (1996); it is a compartment model that assumes all waste
form surfaces are wetted immediately after a container "fails." Advection and diffusion
between the following compartments are modeled: waste form, corrosion products
found in the corroded sections of the container, gravel backfill below or 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. A corrosion opening at the bottom of the container is assumed to 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.

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 22 radionuclides considered in this study is given in Table 9-2.
This inventory is given in terms of moles of radionuclide per 8.6 MTU (which is the
mass of heavy metal assumed in each waste container).

Ranges of solubilities for the seven most important elements are given in Table 9-3.
Uncertainties in alteration (dissolution) times are assumed to be directly correlated with
uncertainties in solubility: low solubilities correspond to a 40,000-year alteration time,
moderate solubilities to a 10,000-year alteration time, and high solubilities to a 4,000-
year alteration time. The validity of this assumption is verified through a sensitivity
study presented in this section.

Hydrologic flow and transport model. The hydrologic flow and transport model
described in EPRI (1996) has been retained in the current study. Additional
documentation is given in Section 7.

The unsaturated zone (UZ) and saturated zone (SZ) are assumed to have parameters as
described in TRW (1995). The UZ stratigraphy is idealized in terms of four main units:
Topopah Spring welded unit (IWS2,, 111.2 m thick), Topopah Spring vitropyre (TSv,
8A m thick), Calico Hills nonwelded vitric (CHnv, 80.7 m thick), and Calico Hills
nonwelded zeolitic (CHnz, 121.2 m thick). The SZ is assumed to have properties of the
Bullfrog (BF) unit.

The UZ is modeled using a double-porosity simulation incorporating advection
dispersion, fracture and matrix sorption, and radioactive decay and daughter in-
growth. Once the radionuclides reach the water table they can advect, disperse, and
decay within the three-dimensional saturated aquifer. Transient conditions in the UZ
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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 change in time due to climate
changes.

This model is incorporated directly in 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 9-1. Flow and transport
through the UZ is assumed to be one-dimensional and is conducted using eight, one-
dimensional non-interacting vertical columns representing flow beneath the wet zones
for each of the three infiltration histories assumed low, moderate, or high infiltration).
The hot and cold portions of the repository were divided into the eight columns as
follows:

Hot and wet parts of repository

1. Thermal only (wet for 0-3k years, then dry)

2. Thermal-glacial portion (wet for 0-3k and 25k-IM years, dry from 3k-25k
years)

3. Glacial only portion (dry from 0-25k, then wet from 25k-1M years)

4. All time (wet from 0-1M years)

Cold and wet parts of repository

5. Thermal only (wet for 0-3k years, then dry)

6. Thermal-glacial portion (wet from 0-3k and 25k-1M years, dry from 3k-25k
years)

7. Glacial only portion (wet from 25k-1M years)

8. All time (wet from 0-1M years)

Water Table Changes

The water table in IMARC Phase 4 was assumed to change as a function of time based
on climate. The water table changes used in Phase 4 are the same as used in Phase 3.
These are sunnarized in Table 9-2. A major difference from Phase 3 is that, because
results are not highly sensitive to uncertainty in water table change, Phase 4 assumed
only one set of water table changes, indicated as the "moderate" values in Table 9-2.
The alternative values ("high" and "low") were examined with a sensitivity study
reported later in this Section; this confirmed the lack of sensitivity of dose to the
uncertainty in water table change.
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Table 9-2
Summary of Water Table Changes

Water Table Change, meters

Climate High Moderate Low

Interglacial 0 0 0

Greenhouse 34 28 10

13 FGM 87 70 22

213 FGM 106 85 27

FGM 120 95 30

Notes: FGM = Full Glacial Maximum
'Moderate water table changes used in IMARC Phase 4 base case results

Representations of doses. Performance assessments use calculations of radionuclide
release and dose to evaluate a repository's performance, using several formats. The
calculations we present in this section concentrate on estimating dose to the "average
member of a critical group" (see Section 8 for a discussion of "critical group" issues)
located 5 km downstream from the repository boundary (i.e. 5 km from the edge of the
"accessible environment"). Most of these results and sensitivity studies are presented
as doses for transport pathways considering water as the only means of ingestion;
others present results for all pathways to ingestion.

While doses to the critical group are an important regulatory metric with which to
judge a repository's performance, we should keep in mind that average doses to a
future affected population of people are substantially below those estimated to the
individual. This point is made below in Section 9.5 with a plot of doses to various
affected populations.

JMARC calculations of dose are generally represented as mean dose vs. time for all of
the uncertainties considered in the input. That is, the mean is over all uncertainties
considered in the calculations. This is consistent with other published TSPA results.
Several results below present individual dose curves (corresponding to individual
assumptions on input parameters) and fractiles of dose curves, for additional
perspective.
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9.2 Results using all calculations

The first set of results is for calculations made using all 108 branches of the logic tree.
This is shown in Figure 9-2 for the seven nuclides that contribute most to dose, either
from water pathways or all pathways to ingestion. (See results in EPRI, 1996, and in
Appendix 1 that include additional nuclides.)

The general character of these dose curves is as follows. "Tc and nI dominate doses
before 100,000 years because they are available in adequate inventories, dose conversion
factors are high, and they are not retarded in the geologic units during transport. Early
releases (from 5,000 to 10,000 years) are controlled by early container failures, and the
doses occur from "Tc and 7I. (To model early failures, 0.01% of containers are assumed
failed at emplacement, and 0.1% are assumed to fail soon after emplacement.) Doses at
these early times are directly proportional to the fraction of early container failures
assumed in the calculations, and this is demonstrated below with sensitivity studies.
Doses between 30,000 and 60,000 years result from aggressive container failures in the
hot portion of the repository that experience dripping water under the weak coupling
assumption (P temperature profile in Figure 4-2). The shape of these doses vs. time are
demonstrated with sensitivity studies on the focused flow factor, which controls the
fracture matrix coupling as described in Section 9.1 above. At about 60,000 years these
doses decrease because the 'Tc and ">I inventory from these containers has been
depleted. After 100,000 years doses increase from containers failing in the cooler part of
the repository (the y temperature curve). These containers fail at substantially longer
times than for the 5 curve. Again, sensitivity studies below show the doses from
containers failing while following the y curve. WTc and 'I are seen first because they are
not retarded in the geologic units, followed by 2 Np, which generally causes the highest
dose. 7Np results in doses at later times because it is retarded in the UZ and SZ, of
course. Other retarded species that contribute to doses at long times are 2 U, wIth (part
of the WNp decay chain), and SPa (as a daughter of MU and z3yPu).

The logic tree format facilitates sensitivity studies on uncertainties included in the
analysis. As one example, sensitivity to climate is illustrated in Figures 9-3A and 9-3B.
It is clear that the moderate greenhouse scenario leads to larger releases, because it
posits a return to glacial conditions with a concurrent increase in infiltration. The
permanent greenhouse condition yields lower doses because of lower infiltration over
the million year time span.

Figures 9-4A and 94B shows sensitivity to infiltration rate for 99Tc and 3Np. For 99Tc
the high infiltration moves the nuclide through the system more quickly at early times,
which are dominated by early container failures, and at 30,000 years, which are
controlled by failures in the hot section of the repository. At long times the high
infiltration leads to slightly lower doses than moderate infiltration, because of
additional water being available for dilution. For WNp the high infiltration leads to
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faster travel times through the UZ and earlier releases and doses than the other
alternatives, although this species is retarded.

Figures 9-5A and 9-5B show sensitivity to the focused-flow factor (strong or weak). For
"Tc it is clear that doses from 30,000 to 60,000 years correspond to weak focused flow,
because that condition leads to part of the repository following the fB (hot, wet)
temperature curve. The weak flow-focusing condition also leads to the highest 'Np
doses (Figure 9-5B), although these occur much later.

The sensitivity to solubility/alteration time is shown in Figures 9-6A and 9-6B for '9Tc
and WNp, respectively. Each curve shows the mean dose conditional on the indicated
assumption for solubility/alteration time, and the "integrated" curve shows the
weighted result which is identical to that in Figure 9-2. For "Tc, which is alteration-rate
limited, the 4,000-year alteration time means that most of the '9Tc will get into solution
during the thermal period, which lasts 3,000 years. This means that a large majority of
the inventory for alteration-rate limited species (Tc and 1"I) dissolves and starts
transport during the thermal period, for those container that fail early. In contrast, for
the 10,000-year alteration time, only a fraction of the source dissolves in 3,000 years, so
the majority of inventory for "Tc and 'Np sits in the container during the current (dry)
period, then gets dissolved and transported when glacial conditions return at 25,000
years. This leads to higher doses during the 30,000-50,000 years time period. At longer
times, doses for these two alteration times are similar. For the 40,000-year alteration
time "Tc is actually solubility limited (because of a low solubility for the "low solubility
and long alteration time" alternative) and this reduces the doses considerably. 'Np
(Figure 9-6B) is solubility limited for all three assumptions and transport is retarded
considerably in time, so doses occur later and in predictable order (high solubility
producing the highest dose).

Figure 9-7 shows sensitivity to retardation for 7Np, and these curves behave as
expected: low retardation leads to earlier releases, and high retardation to later releases.
Curves are not presented here for "Tc because this species is not significantly retarded.

9.3 Single result sensitivity calculations

In addition to the sensitivity of calculated doses to alternatives in the logic tree
calculations, it is instructive to examine the effect on doses of alternative assumptions
for input parameters. This allows the perusal of some effects that are not deemed
realistic, but for which an extreme sensitivity would be important. It also documents a
lack of sensitivity that might, for example, have been the impetus for combining some
branches in the base case logic tree to make those calculations more efficient. For these
comparisons, observing a lack of sensitivity is often as important as observing a strong
sensitivity, for the lack of sensitivity shows which part of the repository model is not
critical and should therefore be uncontroversial.
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For these sensitivities we use as two base cases, two single-branch calculations of dose
vs. time: the first using a moderate set of assumptions, and the second using a worst-
case set of assumptions. These are as follows (values of "p" are probabilities of that
branch within IMARC):

A. Moderate B. Worst-case
(p=0.37) (p=0.95E4)

Climate: Moderate Greenhouse Moderate Greenhouse

Infiltration: Moderate High

Retardation: Moderate Low

Flow Focusing: Strong Weak

Solubility: Moderate High

Alteration time: Moderate Fast

The basic set of results for Cases A and B are shown in Figures 9-8A and 9-8B,
respectively, as dose vs. time by nuclide. Case B shows slightly higher, earlier doses as
a result of the "worst-case" assumptions used in the generation of these single-branch
results. Two base cases are used here because some variations of inputs may not show
sensitivity for the moderate case assumptions (Case A) but may show sensitivity for the
worst-case assumptions (Case B). To the extent that mean doses are influenced by
extreme cases, albeit with low weight, these sensitivities can have an important
influence on mean doses. Subsequent calculations will be compared to these two base
cases; these subsequent figures are labeled "A" and "B" to facilitate comparison to the
correct base case.

Figures 9-9A and 9-9B show doses vs. time obtained by assuming a 1000-yr alteration
time. This would be an extremely short alteration time, and it affects primarily the
fission products as would be expected, leading to slightly earlier releases from initial
failures. However, we do not find alteration times as short as 1000 years to be credible
(Section 6).

The sensitivity of doses to increasing the release fractions ("gap fractions" as discussed
in Section 6) in the source term from 3% to 6% are shown in Figures 9-1OA and 9-lOB.
For both Cases A and B there is not much effect, indicating the release fractions do not
contribute substantially to overall dose. There is actually a small, short-duration effect
that is obscured by the time steps used in IMARC; a sensitivity run made with very
short (100 year) time steps at the times of water table change revealed a short duration
peak for 3% release fractions and a slightly larger, short duration peak for 6% release
fractions. The small amplitudes of these peaks did not warrant changing time steps to
very short intervals so the peaks would be included in the base case calculations.
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Figures 9-11A and 9-11B show the doses that are calculated when early container
failures are increased by a factor of 10. Quantitatively this means that containers failed
at emplacement are increased from 10i to 104 as a fraction of all containers, and
containers failing soon after emplacement (at 1000 years) are increased from 104 to 10-2
as a fraction of all containers. This change has a proportional change on doses at early
times (up to 50,000 years) for both Cases A and B, increasing those doses by a factor of
10. Doses at later times are unaffected.

Doses increase substantially under the unrealistic assumption that all containers fail at
1000 years, and this is illustrated in Figures 9-12A and 9-12B. In this case doses at early
times increase by a factor of 1,000 (which is the ratio of 1 to 104 early failures), as would
be expected. Because of retardation, 'Se and the actinides still cause peak doses at
times exceeding 100,000 years. The dose from "Se increases (as compared to Figure 9-2)
at 200,000 years because 'Se is alteration-rate limited and retarded. The peaks in the
actinides result from failures of all containers, and moving these failures up from
-100,000 years to 1,000 years does not affect the magnitude of the peak dose. The minor
peaks in doses from '9Tc and n1 at 40,000 and 100,000 years are related to assumed
increases in the water table at those times.

Figures 9-13A and 9-13B show the effect of substituting high changes in the water table
for the best estimate values used in the base cases. For both Cases A and B there is little
effect of using the larger water table changes. A similar result was obtained for low
changes in water table, which is not shown here. This implies that uncertainty in water
table change need not be incorporated into the logic tree as part of modeling the overall
uncertainty in doses.

The effect of decreasing the SZ water velocity from 50 m/yr to 10 m/yr is shown in
Figures 9-14A and 9-14B. For both cases, early peaks in doses arrive somewhat later at
the 5 km check point, but magnitudes of doses are not increased. Peaks in doses for
actinides area appear about the same because of the 100,000 year time steps used at long
times. (The difference in arrival times of peak doses around 10,000 to 20,000 years in
Figures 9-14A and 9-14B, as compared to Figures 9-8A and 9-8B, should not be viewed
quantitatively, as the 10,000-year time step beginning at 10,000 years implies that these
peaks cannot be determined with precision.)

Assuming a minor greenhouse climate has a very small effect on doses for both Case A
and Case B, and this is illustrated in Figures 9-15A and 9-15B. The reason is that the
changes of climate with time for the minor greenhouse scenario are similar to the
moderate greenhouse scenario, so the resulting doses are similar. This justifies the
combination of minor and moderate greenhouse scenarios in the logic tree, as discussed
in Section 9.1.

Matrix block size in the SZ has some uncertainty, and the effect of increasing this input
parameter is illustrated in Figures 9-16A and 9-16B. The block size used in the base case
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corresponds to a fracture spacing 0.75m, and we increase this to 10m. The primary
effect is to speed up the arrivals of fission products at times less than 10,000 years, and
to speed up the arrival of actinides at times exceeding 100,000 years. (Recall when
comparing Figures 9-16A and 9-16B with 9-8A and 9-8B that, because of the logarithmic
time scale, a 100,000-year earlier arrival in 'Np from 200,000 years to 100,000 years, will
appear as a larger change than a 100,000-year shift from 600,000 years to 500,000 years.)
The peak doses remain the same, however. Increasing the matrix block size speeds up
the arrival of nuclides because, with a given SZ velocity and porosity, and with fewer
fractures, there is less effective interaction between fractures and matrix resulting in less
effective retardation in the fractures.

Figures 9-17A and B go one step further by using the Case A (best estimate) and Case B
(pessimistic) assumptions and adopting a block size corresponding to 100m fracture
spacing. For this extreme, unrealistic assumption even retarded nuclides travel through
the SZ quickly, so both 'Np and 'Se lead to doses exceeding 10 mrem/yr before
10,000 years. For the pessimistic case, the peak dose from t 7Np occurs at 60,000 years
and from 'Se at 50,000 years. Changes in infiltration and water table at 10,000 and
25,000 years lead to variations in doses from all nuclides at these times.

In a similar sensitivity study we looked at decreasing the fracture spacing to 0.15m, and
this assumption yielded doses that were virtually identical to the base cases; these
alternative results are not reported here. This lack of change implies that, at 0.75m
fracture spacing in our model of the SZ, essentially all of the matrix participates in
hydrologic flow. At 10n spacing, which is not considered realistic, less of the matrix
participates and flow is predominantly through fractures.

The effects of corrosion product sorption are minimal, and this is demonstrated in
Figures 9-18A and 9-18B which show results assuming that corrosion product sorption
is zero for all nuclides. The only real influence is for 'Se under the pessimistic
assumptions (Figure 9-18B compared to 9-8B). For this nuclide eliminating sorption in
the corrosion products decreases the peak dose at 100,000 years (0.05 mrem/yr in Figure
9-8B to 0.013 mrem/yr in Figure 9-18B). The reason is that, with sorption, the mass of
'Se that is released with early container failures gets held in the corrosion products
during the thermal period (the first 3000 years); after that the hot, wet part of the
repository is dry until the glacial period and containers begin failing at a slow rate. At
that time the 'Se in the corrosion products gets moved into the UZ and SZ, causing an
increased dose at 100,000 years. Without sorption, the mass of 'Se associated with early
container failures travels through the system but causes doses less than 104, so they
don't appear on Figure 9-18B.
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9.4 Multiple result sensitivity calculations

Additional perspective is gained by looking at all dose vs. time curves calculated by
IMARC, and differentiating those by the underlying assumptions. This gives insight
into both the total range of doses that are calculated and how each uncertainty in input
parameter contributes to that range.

Figures 9-19A and 9-19B show dose curves for '9Tc and 7Np, respectively, for all 108
sets of input assumptions (all 108 end branches of the logic tree). The coding of curves
in the figures indicates which curves correspond to the moderate greenhouse scenario
and which to the permanent greenhouse assumption. For "Tc there are three "bumps"
in the release curves. The first near 10,000 years is related to early failures, and these
are independent of climate assumption. The second, near 40,000 years, occurs for the
moderate greenhouse assumption, when part of the repository follows the 1
temperature profile with weak flow focusing (strong fracture-matrix coupling). The
third, at 400,000 years, results from container failures in the cool, wet part of the
repository, and these failures occur for all assumptions of climate conditions, flow
focusing, and infiltration. For WNp the effects of climate are not as dramatic due to
lower release of this nuclide and slower transport rates, but climate effects are still
apparent. the moderate greenhouse scenario causes peaks in dose at earlier times,
300,000 years compared to 800,000 years. Note that the EPRI model does not
incorporate an SZ groundwater velocity that depends on climate through infiltration. If
this were included, somewhat larger differences in arrival times of WNp doses might be
calculated.

All dose curves for "Tc and WNp are shown Figures 9-20A and 9-20B designated by
infiltration rate. For "Tc the doses are similar in time and magnitude for moderate and
high infiltrations, and are much reduced for the low infiltration branch. This is the case
because "Tc is alteration rate limited, so the same mass of "Tc gets into solution for all
infiltration rates. For low infiltration, lower fractions of the repository are wet (see
Table 9-1), so less "Tc is dissolved. The peak dose at 40,000 years occurs because of
container failures under the 1 temperature profile and moderate/high infiltration, as
explained above. 2'Np is solubility limited for the low and moderate solubilities, and
higher infiltration causes more mass to be dissolved. For the high solubility, however,
it is alteration-rate limited, so the high infiltration leads to a lower concentration in the
UZ, a lower concentration in the contaminant plume in the SZ, and a lower dose (the
highest "high infiltration" curves in Figures 9-20A are below the highest "moderate
infiltration" curves).

The dose curves corresponding to strong and weak flow focusing are shown in Figures
9-21A and 9-21B for 9̀ Tc and wNp, respectively. For 'Tc it is apparent that high doses at
30,000 to 60,000 years occur for weak flow focusing, because under this scenario part of
the repository is hot and wet, and containers fail at a faster rate than for cooler parts of
the repository. Comparing Figure 9-21A to 9-19A, the high doses for "Tc occur only for
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the combination of moderate greenhouse climate and weak flow focusing (focused flow
factor of 2 in Figure 9-21A). It is this combination of climate and flow focusing that
causes part of the repository to be hot and wet, which results in aggressive corrosion of
waste containers at times less than 100,000 years. Refer to Table 9-1: for strong flow
focusing, none of the repository is in the hot, wet condition, whereas for weak flow
focusing a finite fraction of the repository is wet during the thermal pulse and during
glacial conditions, which begin 25,000 years from the present. For 23'Np these
conditions also lead to earlier releases and doses, although this occurs at 200,000 years
for Z'Np due to retardation of this species.

Dose curves for 'Tc and 'Np segregated by solubility and alteration time are shown in
Figures 9-22A and 9-22B. For "Tc, which is generally alteration-rate limited rather than
solubility limited, doses occur earlier and are higher within 10,000 years for the 4,000-
year alteration time because most of the "Tc source term gets into solution before 3,000
years, when "current" climate conditions return and the hot part of the repository is
assumed to be dry. See Section 4 for a description of the hydrothermal processes
assumed to cause this behavior. the 10,000-year alteration time, much of the 99Tc source
term remains unreleased in the container during the "dry" period (from 3,000 years to
25,000 years during which time the fraction of the repository assumed "wet" is zero),
then gets dissolved and transported when glacial conditions return (at 25,000 years).
This leads to higher doses during the 30,000-50,000 years time period. At longer times,
doses for these two alteration times are similar, because the effects of initial thermal
pulses decrease with time. Doses for the 40,000-year alteration time are lower because,
for this assumption, `Tc becomes solubility limited (the low value of solubility for `Tc is
more than a factor of 1,000 less than the moderate value). For solubility-limited wNp,
doses occur earlier for the high solubility and later for the low solubility, because for
high solubilities, concentrations and doses come out more like a pulse, but for low
solubilities they are later and more spread out in time. This implies higher, earlier
peaks for high solubility and lower, broader, later peaks for low solubility. This
behavior is seen in Figure 9-22B.

A set of curves is shown in Figures 9-23A and 9-23B for the effect of retardation. For
99Tc the curves are identical as this species is not retarded. For WNp the low-retardation
curves indicate early doses and the high-retardation curves later doses, as would be
expected. The peak heights are not affected much, which is the expected result when
radioactive decay is not much of a factor.

Figure 9-24 shows a set of dose curves for all seven nuclides that take into account the
probability calculated for each of the individual sets of assumption (each individual end
branch of the logic tree as illustrated in Figures 9-19 through 9-23). The mean dose
curve shown in previous plots in Sections 9.1 and 9.2 is also shown; it generally lies
above the median dose. The upper fractile curves, even the 99' fractile, lie within a
factor of 7 of the mean curve, meaning that these extreme sets of input assumptions
have an important influence on the mean. However, it also is the case that the mean
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doses are close to the extreme assumptions, i.e. estimated doses would not increase
more than a factor of seven if one used the extreme assumptions rather than the mean
curve. At some times, notably 20,000 years, our estimates of uncertainties in dose are
relatively small, because this is a time between the effects of early failures (at times less
than 10,000 years) and failures during hot, wet conditions (30,000 to 80,000 years). This
is an artifact of choosing fixed times at which climates change, in this case the return of
glacial conditions at 25,000 years. Alternative scenarios on the times of climate change
are investigated below; the overall times and magnitudes of doses are about the same,
and the estimated peak doses are not affected, by the timing of climate changes in the
IMARC model.

9.5 Other sensitivity results

Several other sensitivity studies were conducted to examine other input assumptions
and parameters that might be important to dose calculations. The first involves the
modeling of uncertainty in solubility and alteration time. In the logic tree calculations it
is assumed that high values of solubility are linked with fast alteration times, and low
values of solubility with slow alteration times.

To determine that this modeling of uncertainties in solubility and alteration time was
reasonable, we conducted two special calculations of IMARC, one with three branches
(with solubility and alteration time linked) and a second with nine branches (with
solubility and alteration time considered independent, modeling all possible
combinations). For the remaining input parameters we used Cases A and B described
in Section 9.2, Case A corresponding to best estimate (probability 37%) assumptions on
input parameters and Case B corresponding to a set of pessimistic assumptions
(probability 0.95E4).

Figures 9-25A and 9-25B illustrate the mean doses from the three-branch case where
solubilities and alteration times are linked, for Cases A and B respectively. Results are
very close to the single-branch Case A and Case B doses described in Subsection 9.2.
Figures 9-26A and 9-26B show mean doses from the nine-branch case where solubility
and alteration time are treated independently, using all nine combinations. For both
cases the nine-branch results are very close to the three-branch results. A minor
difference occurs at 70,000 years for the nine-branch case, and this is related to the
different weights that are placed on the alternatives for alteration time vs. those used
for solubility. Overall, the results justify the three-branch model used in the logic tree.

If drifts within the repository are kept open indefinitely to allow natural ventilation to
cool the repository block, no containers will experience the hot temperatures associated
with the P curve. As a result, fewer containers will fail during the 10,000-to-100,000
year period, and doses will be reduced during this period. This is illustrated in Figures
9-27A and 9-27B for the two single-branch cases. Comparing these figures to Figures 9-
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8A and 9-8B, both indicate that doses for times earlier than 10,000 will be reduced,
because the fraction of repository wet is reduced by natural ventilation. After this time,
for strong flow focusing the wet area reverts to the same fraction and glacial conditions
lead to infiltration that dissolves and transports these nuclides. Thus the peak dose at
40,000 years is slightly higher for natural ventilation than for the base case. Doses after
100,000 years will be the same for both 99Tc and 'Np, as would be expected for the long
term.

The fraction of containers that are wet is an important parameter in any PA calculation,
and we examine the sensitivity of our results by making the extreme assumption that
100% of the containers become wet. Of course in this case there is no focusing of
hydrological flow, so that a balance of water is maintained. The resulting doses for the
best estimate case (Case A, Figure 9-8A) are shown in Figure 9-28. The major effect is
that 9'Tc and "2I indicate much higher doses during the period 20,000 to 100,000 years,
compared to Figure 9-8A. The reason is that container failures begin immediately and
occur over the first 50,000 years, and most of the '9Tc and 'I travels through the system
during that time, unretarded. 'Np also produces earlier doses along with the other
actinides and 7'Se for the same reason, but these species are retarded and peak doses
still occur after 200,000 years.

A final sensitivity study involved examining the importance of our assumptions about
when climate changes would occur, along with the associated infiltration and water
table changes. As indicated in previous sensitivity studies, these changes, particularly
around 10,000 to 25,000 years, affect the calculated dose curves at these times. To
examine the importance of these assumptions, doses were calculated for three cases
where the infiltration and water table were fixed for the duration of specific climates, as
follows:

Climate I: Thermal period: 0 to 3000 years

Current climate: 3000 to 25,000 years

Glacial climate: 25,000 to iM years

Climate II: Thermal period: 0 to 3000 years

Current climate: 3000 to 10,000 years

Glacial climate: 10,000 to 1M years

Climate Im: Thermal period: 0 to 3000 years

Glacial climate: 3000 to iM years
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Climate I is most like the base case climate. For other input assumptions the pessimistic
parameters of Case B were used. Thus doses from Climate I (Figure 9-29) are similar to
the doses from the Case B base case - compare Figure 9-29 with 9-8B.

Climate II implies that glacial conditions return in 10,000 years, and this is reflected in
Figure 9-30 in doses that increase from 10,000 to 20,000 years. Climate m implies that
glacial conditions return in 3000 years, and Figure 9-31 shows that doses increase even
higher under this scenario than Climate II. Therefore the climate assumptions are a
major factor in the character of dose curves around 10,000 to 20,000 years. An
important observation, however, is that the magnitude of the "ITc and 'I doses is about
the same for all of these climate assumptions - the maximum dose increases by only a
factor of about 1.5. Doses from W Np are not affected.

9.6 Doses for all pathways, other populations, and other locations

As indicated at the beginning of this Section, results presented above are for an average
member of a critical group at 5 km who receives radiation doses from drinking water
only. Figure 9-32 shows the doses estimated for this same hypothetical individual at 5
km by including all pathways for ingestion. Comparing to Figure 9-2, '9Tc and '"I still
dominate the early doses and are about a factor of ten higher. For times exceeding
100,000 years, 'Se plays a much larger role, as does ' 1Pa, because of higher dose rate
conversion factors for non-water pathways. At 1,000,000 years, estimated doses from
all pathways are about a factor of ten higher than for water alone. This suggests that for
the assumptions made about the critical group, the drinking water pathway is only a
minor contributor to dose compared to the other agricultural pathways, as discussed in
Section 8. The assumptions about the hypothetical critical group and consideration of
other exposure groups are explored further in Section 18 and Appendix 3.
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Figure 9-2
Expected value of dose rate versus time 5 km downstream for the average member
of the critical group, seven radionucildes Included. Full run (108 branches: 2
climate scenarios, 3 Infiltration rate sets, 3 sorption data sets, 2 focused flow
factors, 3 solubility/alteration rate data sets); "base case" models and parameters;
drinking water exposure pathway only.

9-20



REPOSITORY PERFORMANCE AND SENSITIVITY STUDIES (R. McGuire, J. Valasity, and J. Kessler)

X 10'

10-'

10-2

1o-3
03 lo4 105 1

Time (years)

Figure 9-3a
Expected value of dose rate versus time 5 km downstream for the average member
of the critical group due to 'Tc. Sensitivity to the two climate scenarios. Full run
(108 branches); "base case" models and parameters; drinking water exposure
pathway only.
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Figure 9-3b
Expected value of dose rate versus time 6 km downstream for the average member
of the critical group due to 2Np. SensitvIty to the two climate scenarios. Full run
(108 branches); "base case" models and parameters; drinking water exposure
pathway only.
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Figure 9-4a
Expected value of dose rate versus time 5 km downstream for the average member
of the critical group due to "Tc. Sensitivity to the three Infiltration rate data sets
('Bow', 'moderate' , and 'high'). Full run (108 branches); "base case" models and
parameters; drinking water exposure pathway only.
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Figure 9-4b
Expected value of dose rate versus time 5 km downstream for the average member
of the critical group due to mNp. Sensitivity to the three infiltration rate data sets
(low, 'moderate', and 'high'). Full run (108 branches); "base case" models and

4 parameters; drinking water exposure pathway only.
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Figure 9-4a
Expected value of dose rate versus time 5 km downstream for the average member
of the critical group due to ATc. Sensitivity to focused flow factor. Full run (108
branches); "base case" models and parameters; drinking water exposure pathway
only.
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Figure 9-6b
Expected value of dose rate versus time 5 km downstream for the average member
of the critical group due to 'Np. Sensitivity to focused fow factor. Full run (108
branches); "base case" models and parameters; drinking water exposure pathway
only.
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Figure 9-6a
Expected value of dose rate versus time 5 km downstream for the average member
of the critical group due to Tc. Sensitivity to solubiiitylwaste Ionr alteration time.
Full run (108 branches); "bass case" models and parameters; drinking water
exposure pathway only.
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Figure 9-6b
Expected value of dose rate versus time 5 km downstream for the average member
of the critical group due to wNp. Sensitivity to solublityAwaste form alteration
time. Full run (108 branches); "base case" models and parameters; drinking water
exposure pathway only.
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Figure 9-7
Expected value of dose rate versus time 5 km downstream for the average member
of the critical group due to ANp. Sensitivity to the assumed matrix sorption ratio
('matrix retardation). Full run (108 branches); "base case" models and
parameters; drinidng water exposure pathway only.
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Time (years)

Figure 9-8a
Dose rate versus time 5 km downstream for the average member of the critical
group, seven radionuclides Included. 'Moderate' single branch rur 'moderate
greenhouse' climate scenario, 'moderate' infiltration rate, 'moderate' retardation
(due to moderate sorption), 'strong' flow focusing, 'moderate' solubilitylmoderate'
(10,000 years) alteration rate; drinking water exposure pathway only.
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Figure 9-8b
Dose rate versus time 5 kmn downstream for the average member of the critical
group, seven radionuclides Included. "Worst-case" single branch ru:'moderate
greenhouse' climate scenario, 'high' Infiltration rate, 'low' retardation (due to low
sorption), 'weak' flow focusing, 'high' solubility/Tast' (4,000 years) alteration rate;
drinking water exposure pathway only.
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Figure 949a
Dose rate versus time 5 Ion downstream for the average member of the critical
group, seven radionuclides Included. Single branch run: 'moderate greenhouse'
climate scenario, 'moderate' Infiltration rate, 'moderate' retardation (due to
moderate sorption), 'strong' flow focusing, 'moderate' solubility, very fast (1,000
years) alteration rate, drinking water exposure pathway only. Compare to Figure 9-
8a.
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Figure 9-9b
Dose rate versus time 5 on downstream for the average member of the critical
group, seven radionuclides Included. Single branch run: 'moderate greenhouse'
climate scenario, 'high' Infiltration rate, 'low' retardation (due to low sorption),
'wea es flow focusing, mhigh' solubility, very fast (1,000 years) alteraton rate,
drinking water exposure pathway only. Compare to Figure 9-b.
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Figure 9-lOa
Dose rate versus time 5 km downstream for the average member of the critical group,
seven radlonuclides Included. 'Moderate' single branch run: 'moderate greenhouse'
climate scenario, 'moderate' Infiltration rate, 'moderate' retardation (due to moderate
sorption), 'strong' flow focusing, 'moderate' solubilityimoderate' (10,000 years)
alteration rate; drinking water exposure pathway only. Sensitivity to release fractions
In the gap: gap fraction Increased from 3% to 6Y. Compare to Figure 98-a.
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Figure 9-lob
Dose rate versus time 5 km downstream for the average member of the critical
group, seven radionuclides Included. 'Worst-case' single branch run: 'moderate
greenhouse' climate scenario, 'high' Infiltration rate, 'low' retardation (due to low
sorption), 'weak' flow focusing, 'high' solubility/'fast' (4,000 years) alteration rate;
drinking water exposure pathway only. Sensitivity to release fractions In the gap:
gap fraction Increased from 3% to 6%. Compare to Figure 9-8b.
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Figure 9-1la
Dose rate versus time 5 km downstream for the average member of the critical
group, seven radionuclides Included. 'Moderate' single branch run: 'moderate
greenhouse' climate scenario, 'moderate' Infiltration rate, 'moderate' retardation
(due to moderate sorption), 'strong' flow focusing, 'moderate' solubility/'moderate'
(10,000 years) alteration rate; drinking water exposure pathway only. Early
container failure rate Increased by a factor of ten. Compare to Figure 0-Ba.
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Figure 9-1lb
Dose rate versus time 6 Ikm downstream for the average member of the critical
group, seven radionuclides Included. 'Worst-case' single branch run: 'moderate
greenhouse' climate scenario, 'high' infiltration rate, 'low' retardation (due to low
sorption), 'weak' flow focusing, 'high' solubilityi'fast' (4,000 years) alteration rate;
drinidng water exposure pathway only. Early container failure rate Increased by a
factor of ten. Compare to Figure 9-Sb.
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Figure 9-12a
Dose rate versus time 5 km downstream for the average member of the critical
group, seven radionucildes Included. 'Moderate' single branch run: 'moderate
greenhouse' climate scenario, 'moderate' Infiltration rate, 'moderate' retardation
(due to moderate sorption), 'strong' flow focusing, 'moderate' solubility/'moderate'
(10,000 years) alteration rate; drinking water exposure pathway only. ALL
containers assumed failed at 1,000 years. Compare to Figure 9-8a.
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Figure 9-12b
Dose rate versus time 5 km downstream for the average member of the critical
group, seven radionucildes Included. 'Worst-case' single branch run: 'moderate
greenhouse' climate scenario, 'high' Infiltration rate, 'low' retardation (due to low
sorption), 'weak' flow focusing, 'high' solubility/fast' (4,000 years) alteration rate;
drinking water exposure pathway only. ALL containers assumed failed at 1,000
years Compare to Figure 9-Bb.
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Figure 9-13a
Dose rate versus time 5 km downstream for the average member of the critical group, seven
radionuclides Included. 'Moderate' single branch run: 'moderate greenhouse' climate scenario,
'moderate' Infiltration rate, 'moderate' retardation (due to moderate sorption), 'strong' flow focusing,
'moderate' solubilityfmoderate' (10,000 years) alteration rate; drinking water exposure pathway only.
Sensitivity to the magnitude of water table changes versus climate state: 'high' water table change
shown In this figure. Compare to Figure 9-8a that shows 'moderate' water table change.
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Figure 9-13b
tDose rate versus time 5 Ian downstream for the average member of the critical group, seven
radionuclides Included. 'Worst-case' single branch run: 'moderate greenhouse' climate scenario,
'high' Infiltration rate, 'low' retardation (due to low sorption), 'weak.'flow focusing, 'high'
solubilityJ'fast' (4,000 years) alteration rate; drinking water exposure pathway only. SensWfi1t to
the magnitude of water table changes versus climate state: "high water table change shown In
this Fguvre. Compare to Figure 9-8b that shows 'moderate' water table change.
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Figure 9-14a
Dose rate versus time 5 km downstream for the average member of the critical group,
seven radionuclides Included. 'Moderate' single branch run: 'moderate greenhouse'
climate scenario, 'moderate' Infiltration rate, 'moderate' retardation (due to moderate
sorption), 'strong' flow focusing, 'moderate' solubilitylmoderate' (10,000 years) alteration
rate; drinking water exposure pathway only. Sensitivity to the saturatedzone fracture flow
velocity: 10 m/yr shown In this figure. Compare to Figure 9-8a that shows 50 n/yr.
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Figure 9-14b
Dose rate versus time 5 km downstream for the average member of the critical group,
seven radionuclides Included. 'Worst-case' single branch run: 'moderate greenhouse'
climate scenario, 'high' Infiltration rate, 'low' retardation (due to low sorption), 'weak' flow
focusing, 'high' solubilityl'fast' (4,000 years) alteration rate; drinking water exposure
pathway only. Sensitivity to the saturated zone fracture flow velocity: 10 mnyr shown In this
figure. Compare to Figure 9-8b that shows 50 m/yr.

9-32



REPOSITORY PERFORMANCE AND SENSITIVITY STUDIES (R McGuire, J. Valasity, and J. Kesslr)

I
.S

106

Time (years)
Figure 9-15a
Dose rate versus time 5 km downstream for the average member of the critical
group, seven radionuclides Included. 'Moderate' single branch run: 'minor
greenhouse' climate scenario, 'moderate' Infiltration rate, 'moderate' retardation
(due to moderate sorption), 'strong' flow focusing, 'moderate' solubilityl'moderate'
(10,000 years) alteration rate; drinking water exposure pathway only. Compare to
Figure 9-"a that shows 'moderate greenhouse' climate scenario.
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Figure 9-15b
Dose rate versus time 5 km downstream for the average member of the critical
group, seven radionuclides Included. 'Worst-case' single branch run: 'minor
greenhouse' climate scenario, 'high' Infiltration rate, 'low' retardation (due to low
sorption), 'weak' flow focusing, 'high' solubilityifast' (4,000 years) alteration rate;
drinking water exposure pathway only. Compare to Figure 9-8b that shows
'moderate greenhouse' climate scenario.
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Figure 9-1Oa
Dose rate versus time 5 km downstream for the average member of the critical group, seven
radionucildes Included. 'Moderate' single branch run: 'moderate greenhouse' climate scenario,
'moderate' infiltration rate, 'moderate' retardation (due to moderate sorption), 'strong' flow
focusing, 'moderate' solubilityi'moderate' (10,000 years) alteration rate; drinking water
exposure pathway only. Sensitivity to the saturated zone matrix block size: 10 meter block
size shown In this figure. Compare to Figure 9-8a that shows 0.75 meter block size.
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Figure 9-1 6b
Dose rate versus time 5 km downstream for the average member of the critical group,
seven radionuclides Included. 'Worst-case' single branch run: 'moderate greenhouse'
climate scenario, 'high' Infiltration rate, 'low' retardation (due to low sorption), 'weak' flow
focusing, 'high' solubilityrfast' (4,000 years) alteration rate; drinking water exposure
pathway only. Sensitivity to the saturated zone matrix block size: 10 meter block size
shown In this figure. Compare to Figure 9-8b that shows 0.75 meter block size.
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Figure 9-17a
Dose rate versus time 5 km downstream for the average member of the critical group, seven
radionuclides Included. 'Moderate' single branch run: 'moderate greenhouse' climate scenario,
'moderate' Infiltration rate, 'moderate' retardation (due to moderate sorption), 'strong' flow
focusing, 'moderate' solubilityPlmoderate' (10,000 years) alteration rate; drinking water exposure
pathway only. Sensitivity to the saturated zone matrbr block size: 100 m block size shown here.
Compare to Figure "-a that shows 0.75 m block size, and Figure 9-16a that shows 10 m block size.

-Tdtal

103

At~T

- UNP

- UPf (+=mAc)

liop

10.2 .'

10.2~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I

10-3 10J0
10 16 105 106

ihme (yer)
Figure 9-17b
Dose rate versus time 5 km downstream for the average member of the critical group, seven
radionuclides Included. Worst-case' single branch run: 'moderate greenhouse' climate
scenario, 'high' Infiltration rate, 'low' retardation (due to low sorption), 'weak' flow focusing,
'high' solubliitylfast' (4,000 years) alteration rate; drinking water exposure pathway only.
Sensitivity to the saturated zone matrix block size: lOOm block size shown here. Compare to
Figure 9-eb that shows 0.75 meter block size, and Figure 9-16b that shows 10 meter block size.
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Figure 9-18a
Dose rate versus time 5 kan downstream for the average member of the critical group, seven
radlonuclides Included. 'Moderate' single branch run: 'moderate greenhouse' climate scenario,
'moderate' Infiltration rate, 'moderate' retardation (due to moderate sorption), 'strong' flow
focusing, 'moderate' solubilityl'moderate' (10,000 years) alteration rate; drinking water exposure
pathway only. Sensitivity to corrosion product sorption: zero corrosion product sorption used In
this figure Compare to Figure 9-8a that uses a 'moderate' corrosion product sorption data set.
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Figure 9-1 8b
Dose rate versus time 5 km downstream for the average member of the critical group, seven
radlonuclides Included. 'Worst-case' single branch run: 'moderate greenhouse' climate scenario,
'high' Infiltration rate, 'low' retardation (due to low sorption), 'weak' flow focusing, 'high'
solubilityrfast' (4,000 years) alteration rate; drinking water exposure pathway only. Sensitivity to
corrosion product sorption: zero corrosion product sorption used In this flgure. Compare to
Figure 9-8b that uses a 'moderate' corrosion product sorption data set.
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Figure 9-19a
Dose rate versus time 5 km downstream for the average member of the critical
group due to 'Tc. All 108 branches shown Individually; "base case" models and
parameters; drinking water exposure pathway only. Sensitivity to the two climate
scenarios.
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Figure 9-19b
Dose rate versus time 5 km downstream for the average member of the critical
group due to 'Np. All 108 branches shown Individually; "base case" models and
parameters; drinking water exposure pathway only. Sensitivity to the two climate
scenarios.
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Figure 9-20a
Dose rate versus time 5 km downstream for the average member of the critical
group due to "To. All 108 branches shown Individually; "base case" models and
parameters; drinking water exposure pathway only. Sensitivity to the three
Infittration rate data sets.
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Figure 9-20b
Dose rate versus time 5 kn downstream for the average member of the critical
group due to "yNp. All 108 branches shown Individually; "base case" models and
parameters; drinking water exposure pathway only. Sensitivity to the three
Infiltration rate data sets.
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Figure 0-21a
Dose rate versus time 6 km downstream for the average member of the critical
group due to ATc. All 108 branches shown Individually; "base case" models and
parameters; drinking water exposure pathway only. Sensitvity to focused flow
factor.
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Figure 9-21b
Dose rate versus time 5 km downstream for the average member of the critical
group due to wNp. All 108 branches shown Individually; "base case" models and
parameters; drinking water exposure pathway only. Sensitvity to focused flow
factor.
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Figure 9-22a
Dose rate versus time 5 km downstream for the average member of the critical
group due to 'T'. All 108 branches shown individually; "base case" models and
parameters; drinking water exposure pathway only. Sensitivity to the three
soiubihty/alteration time data sets.
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Figure 9-22b
Dose rate versus trme 5 km downstream for the average member of the critical
group due to ,Np. All 108 branches shown Individually; "base case" models and
parameters; drinking water exposure pathway only. Sensitivity to the three
solubility/afteration time data sets.
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Figure 9-23a
Dose rate versus time 5 km downstream for the average member of the critical
group due to "Tc. All 108 branches shown Individually; "base case" models and
parameters; drining water exposure pathway only. Sensitivity to the three matrix
retardation (matrix sorption) data sets.
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Figure 9-23b
Dose rate versus time 5 km downstream for the average member of the critical
group due to 7Np. All 108 branches shown Individually; "base case" models and
parameters; drinking water exposure pathway only. Sensitivity to the three matrix
retardation (matrix sorption) data sets.
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Figure 9-24
Dose rate versus time fractiles for the 108 branch integrated "base case". Dose to
the average member of the critical group 5 km downstream. The seven most
Important radlonuclides included. Drinking water exposure pathway only.
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Figure 9-25a
Dose rate versus time 5 km downstream for the average member of the critical group, seven
radlonuclides Included. 'Moderate' three branch run: 'moderate greenhouse' climate scenario,
'moderate' Infiltration rate, 'moderate' retardation (due to moderate sorption), 'strong' flow
focusing, three solubilitylalteratlon times linked (ie., 'high' solubil1iy links with last' alteration
time, and so on); drinking water exposure pathway only. Compare to the single branch Figure
9"Ba that uses a 'moderate' solubility/alteration time data set.
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Figure 9-25b
Dose rate versus time 5 km downstream for the average member of the critical group, seven
radionuclides Included. 'Pessimistic assumptions' three branch run: 'moderate greenhouse'
climate scenario, 'high' Infiltration rate, 'low' retardation (due to low sorption), 'weak' flow
focusing, three solubfltiy/afteration times linked (Le., 'high'solublifty links wfth 'fast' alteration
time, and so on), drinking water exposure pathway only. Compare to the single branch Figure 9-
8b that uses a 'moderate' solubilitylaiteration time data set.
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Figure 9-26a
Dose rate versus time 5 km downstream for the average member of the critical group, seven
radionucildes included. 'Moderate' nine branch run: 'moderate greenhouse' climate scenario,
'moderate' Infiltration rate, 'moderate' retardation (due to moderate sorption), 'strong' flow
focusing, all nine combinations of solubiiity and alteration times, drinking water exposure
pathway only. Compare to the single branch Figure 9-8a that uses a 'moderate' solubility/alteration
time data set, and Figure 9-25a that has the solubilitylalteratlon times linked.
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Figure 9-26b
Dose rate versus time 5 km downstream for the average member of the critical group, seven
radionuclides Included. 'Pessimistic assumptions' nine branch run: 'moderate greenhouse'
climate scenario, 'high' Infiltration rate, 'low' retardation (due to low sorption), 'weak' flow
focusing, all nine combinations of solubility and alteration times; drinking water exposure
pathway only. Compare to the single branch Figure 9-8b that uses a 'moderate' solubility/
alteration time data set, and Figure 9-25b that has the solubilitylaiteratlon times linked.
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Figure 9-27a
Dose rate versus time 5 on downstream for the average member of the critical group, seven
radionuclides Included. 'Moderate' single branch run: 'moderate greenhouse' climate scenario,
'moderate' Infiltration rate, 'moderate' retardation (due to moderate sorption), 'strong" flow
focusing, 'moderate' solubilityrmoderate' (10,000 years) alteration rate); drinking water
exposure pathway only. Natural ventilation case: modifies fractions wet, temperatures, and
corrosion rates. Compare to Figure 9-Ba.
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Figure 9-27b
Dose rate versus time 5 km downstream for the average member of the critical group,
seven radionuclides Included. Worst-case' single branch run: 'moderate greenhouse'
climate scenario, 'high' Infiltration rate, 'low' retardation (due to low sorption), 'weak'
flow focusing, 'high' solubilityffast' (4,000 years) alteration rate); drinking water
exposure pathway only. Natural ventilation case: modffies fractions wet, temperatures,
and corrosion rates. Compare to Figure 9-b.
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Figure 9-28
Dose rate versus time 5 an downstream for the average member of the critical group,
seven radionuclides Included. 'Moderate' single branch run: 'moderate greenhouse'
climate scenario, 'moderate' Infiltration rate, 'moderate' retardation (due to moderate
sorption), 'strong' flow focusing, 'moderate' solubilitylmoderate' (10,000 years)
alteration rate; drinking water exposure pathway only. 100% of the containers are
assumed wet as soon as temperatures are below 100C. Compare with Figure 9-8a.
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Figure 9-29
Dose rate versus time 5 km downstream for the average member of the critical group,
seven radlonuclides Included. 'Worst-case' single branch run: 'high' infiltration rate,
'low' retardation (due to low sorption), 'wealk flow focusing, 'high' solubilityifast'
(4,000 years) alteration rate; drinking water exposure pathway only. Effect of switching
to 'Climate I': thermal period: 0-3000 years; current clImate: 3000-25,000 years; glacial
climate: 25,000 years and beyond. Compare to Figure 9-8b.
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Figure 9-30
Dose rate versus time 5 km downstream for the average member of the critical group,
seven radionuclides Included. 'Worst-case' single branch run: 'high' Infiltration rate,
'low' retardation (due to low sorption), 'weak' flow focusing, 'high' solubilitylfast'
(4,000 years) alteration rate; drinking water exposure pathway only. Effect of switching
to 'Climate D': thermal period: 0-3000 years; current climate: 3000-10,000 years; glacial
climate: 10,000 years and beyond. Compare to Figures 9-Sb and 9-29.
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Figure 9-31
Dose rate versus time 5 km downstream for the average member of the critical
group, seven radionuclides Included. Worst-case' single branch run: "high'
infiltration rate, 'low' retardation (due to low sorption), 'weak' flow focusing, 'high'
solubilityffast' (4,000 years) alteration rate; drinking water exposure pathway only.
Effect of switching to 'Climate ill': thermal period: 0-300 years; glacial climate:
3,000 years and beyond. Compare to Figures 9-b, -29, and 430.
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Figure 9-32
Expected value of dose rate versus time 5 km downstream for the average member
of the critical group, seven radionuclides Included. Full run (108 branches: 2
climate scenarios, 3 Infiltration rate sets, 3 sorption data sets, 2 focused flow
factors, 3 solubility/alteration rate data sets); "base case" models and parameters;
all exposure pathways Included. Compare to Figure 9-2.
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DISCUSSION AND EVALUATION OF RESULTS

(R. MCGUIRE AND J. KESSLER)

10.1 Results from IMARC Phase 4

Chapter 9 presented a number of results and sensitivity studies. In this section we
review those and point out the assumptions in the EPRI PA that are most critical. For
this evaluation we make use of all of the sensitivity results presented in Chapter 9, not
just those that use the base case logic tree. We also make comparisons and contrasts to
other available results, notably the TSPA-VA conducted for Yucca Mountain by TRW
[1998].

With regard to the major model and parameter uncertainties included in the logic tree,
the assumption of climate scenario does not appear to be critical to our PA results. If a
permanent greenhouse climate were to occur, that would benefit performance by
implying a dryer repository, but that scenario is speculative. The details of how the
climate changes in the future, between glacial and interglacial conditions, are important
in determining when expected doses will increase, but the maximum amplitude of
future expected doses is almost invariant. The occurrence of climate changes in the next
10,000 years will affect expected doses during that time frame (Figures 9-29, 9-30, and 9-
31). But even the onset of glacial conditions in 3000 years, after the repository's thermal
period has passed, implies doses (from all pathways, at 20 km) of about 1 mrrem/yr at
10,000 years (as inferred from Figure 9-31).

The effect on the width of the uncertainty distribution, shown in Figure 9-24, is
substantially affected by the way climate change is treated in IMARC. That is, for all of
the base case calculations shown in Figure 9-24, the times at which climate states were
assumed to change were fixed. Figures 9-29 through 9-31 provide a hint of how the
uncertainty distribution might have been increased had we assumed a range of times at
which climate states change as well as what the climate states will be at given times in
the future.

Infiltration rates for our current analysis are in the range of 12 to 35 mm/yr for the
'moderate' and 'high' alternatives on this parameter, for glacial conditions. At these
rates, the exact level of infiltration does not appear to be critical. This low sensitivity to
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infiltration rates in this range is mostly due to our assumption that the fraction of the
repository that is wet does not increase much (no more than a factor of 2) as infiltration
rates increase from 12 to 35 mm/yr (see Table 4-3). There are additional factors that
cause this relative lack of sensitivity. At early times (<10,000 years), unretarded fission
products that govern expected doses are alteration-rate limited, so changing the rate of
water flow from the 'moderate' to the 'high' infiltration rates results in only a small
effect on doses (Figure 9-4A). At long times (>100,000 years), expected doses from
actinides are also only mildly affected by infiltration rates increasing from 'moderate' to
'high' (Figure 9-4B). In part this occurs for 23 Np at its highest solubility because the
reaction rate governs the dissolution of 7Np, not the solubility, so adding more water
to the system does not imply more mass of WNp in solution.

The coupling between fractures and matrix in both the unsaturated zone (UZ) and
saturated zone (SZ) has been found to be a critical assumption in other PA's, and we
confirm that with this study. In the UZ this coupling is controlled by our 'focused-flow
factor', and fractions of the repository that become wet are related to this parameter (see
Chapter 4 and Appendix D for more discussion of the concepts of 'focused flow', 'cool',
'hot', and 'wet'). Under strong coupling, we posit that only the 20% of the repository
that stays 'cool' can become partially 'wet' (i.e., focused local percolation rates assumed
high enough to cause dripping into open drifts), at any time. For weak coupling
(focused flow factor of 2), the 80% of the repository that is 'hot' can also be partially
wet, at least during the thermal and glacial periods. This affects releases and doses
greatly between 20,000 and 100,000 years (Figure 9-21A); doses are minimal for strong
coupling (focused flow factor of 5) but much higher for weak coupling during this time
period (Figure 9-5A).

UZ fracture/matrix coupling is, theoretically, also dependent on the matrix
permeability properties in the IMARC UZ flow and transport model. However, in
separate sensitivity studies where the matrix permeability was altered by two orders of
magnitude, there appeared to be no significant effect on the coupling between the two
zones [Forsyth et al., 1998]. This was attributed to the fact that the infiltration rate is
such that the majority of the flow is carried by the fractures for any reasonable range of
matrix permeability [Forsyth et al., 19981.

The coupling between fractures and matrix in the SZ is governed by the fracture
spacing. This is due to the way SZ flow and transport is modeled (see Chapter 7 for a
review of the SZ flow and transport model and EPRI [19961 for details). Large spacing
means that much of the matrix is not in involved in nuclide transport and thus does not
retard the migration of species such as 79Se and 2'Np (Figures 9-17A vs. 9-8A; Figures 9-
17B vs. 9-8B). For this large spacing even retarded species like 79Se and WNp are seen to
arrive very early; the unretarded `Tc and 'I arrive at the very first time step after being
released from the containers assumed to fail early. Our best estimate is that this
fracture spacing is 0.75m, which implies that the fractures and matrix are fully coupled
in the SZ. But since alternative values of 10m and 100m imply less coupling and faster
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transport of even retarded species (Figures 9-16A through 9-17B), this is an area where
additional research and field tests would be useful in resolving current uncertainties.
This uncertainty may be especially important since it may shift early dose rate peaks
estimated down-gradient at 5 to 20 km to times earlier than 10,000 years - a time under
consideration as the period of regulatory compliance [EPA, 1993; NRC, 1998].

Solubilities and/or spent fuel alteration rates are moderately important in determining
doses at early times from fission products (Figure 9-6A) and at later times from
actinides (Figure 9-6B). Even changing the fastest alteration time to 1000 years increases
doses only moderately, about a factor of 2 within the first 10,000 years with almost no
appreciable effect at later times (Figures 9-8B and 9-9B). However, for the 'low' Tc
solubility value used, there is a dramatic decrease in estimated doses from "Tc (Figure
9-6A). The basis for this 'low' value is the possibility that Tc may exist in the reduced
Tc(lV) state, that is considered to have a much lower solubility than its oxidized Tc(VII)
state. This may be caused by the presence of reducing materials in or around the
containers.

For the species that contribute strongly to dose, retardation affects only 'Se and the
actinides. The major effect of uncertainty in retardation is to increase or decrease the
time of arrival of peak doses (Figures 9-7 and 9-23B); the magnitudes of peak dose are
generally not affected.

There is a wide range in uncertainty in estimated doses caused by uncertainties in
models and assumptions.! As a result, combinations of assumptions with low weights
leading to relatively high doses have a large impact on the mean estimated dose. The
0.99 fractile dose over all uncertainties considered by JMARC Phase 4 is at most only
about a factor of 7 higher than the mean dose (Figure 9-24). This gives assurance that
doses much higher than the (arithmetic) mean doses are extremely unlikely.

Another effect on the width of the uncertainty distribution is the fact that uncertainty in
the biosphere dose conversion factors was, in general, not included in the DMARC Phase
4 "base case". The only component of biosphere model uncertainty that has been
explored directly is the effect of including certain exposure pathways. Figure 10-1
shows the fractiles of individual dose rate versus time when only the drinking water
exposure pathway is considered. That is, the only potential pathway by which
individuals were assumed to receive a dose was by drinking contaminated
groundwater extracted via a drinking water well. When other exposure pathways
involving the use of contaminated groundwater for agricultural and bathing purposes
are also added, not only does the expected value of the individual dose rate versus time
increase, but the uncertainty band around that expected value increases. This is shown

l As pointed out earlier, the uncertainty range would have been even higher if uncertainty in the timing of climate
state changes had been included in the IMARC "base case" analyses.

10-3



DISCUSSION AND EVALLIATION OF RESULTS (R. McGuire and J. Kessler)

in Figure 10-2. This increase in uncertainty is caused by large variations in the relative
importance of the non drinking water pathways between individual radionuclides. For
example, the drinking water pathway contributes about 15% of the total dose estimated
for "I, but only about 0.02% of the total dose estimated for 'Se.

Biosphere model uncertainties not considered in these figures indude uncertainty in
biosphere model parameters (e.g., soil kd's, root uptake factors), and variability in
present-day human behavior that affects their exposure to individual pathways
(primarily via differences in eating habits). Chapter 18 of this report suggests that
consideration of uncertainty in biosphere model parameters may add one or two
additional orders of magnitude to the uncertainty bands; consideration of human
behavior variability would add at least two additional orders of magnitude to the
uncertainty bands. Analysis of a habit survey of people living in the Yucca Mountain
vicinity suggests, however, that the drinking water pathway alone may reasonably
represent present-day behavior in the Yucca Mountain vicinity.

Several other sensitivity studies conducted here lead us to believe the 'normal release
scenario' doses calculated by IMARC Phase 4 are robust.2 First, if all containers are
assumed to fail at year 1000, a condition that is highly unlikely, the estimated 'critical
group' doses are still only about 100 mrem/yr for 10,000 years (and beyond that time,
as well-Figures 9-12A and 9-12B). These doses are calculated for the water only
pathway at 5 km, but they would be about the same for all pathways at 20 km.3 This
means that there are sufficient mechanisms available-time required for dissolution of
species at the source, dilution, retardation, dispersion-that very large doses would not
be expected to occur.

In a similar vein, if SZ flow is considered to be largely pure fracture flow, with fracture
spacing at 100m, doses from wNp would occur much earlier, but still would not exceed
about 100 mrem/yr (Figures 9-17A and 9-17B). Again this was calculated for water
pathways at 5 km, but would apply to all pathways at 20 km.

2 As will be discussed below, the IMARC Phase 4 analyses do not include analysis of disruptive events such as
volcanism or human intrusion. We only consider 'normal release' due to non disruptive events. Previous IMARC
analyses [EPRI 1992; 1996] suggest that the probability of disruption due to volcanic activity is too low to be
considered while the effects due to seismic activity were also considered too low to have an appreciable effect
compared to the 'normal release' scenario.
3 This is because the 'all pathways' dose is about an order of magnitude higher than the 'water only' (drinking water
only) pathway dose presented in Figures 9-12A and B. But an order of magnitude drop in dose is expected between
the 5 km and 20 ]an point due to dilution. Thus, the peak dose estimate at 10,000 years and at 20 km for all
exposure pathways is of the same order of magnitude as presented in Figures 9-12A and B. This neglects any
additional reduction in dose at 20kn due to the delay in the peak arrival time between 5 km and 20 km.
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Figure 10-1
Dose rate versus time fractiles for the 108 branch Integrated "base case". Dose to
the average member of the critical group 5 km downstream. The seven most
Important radionuclides Included. Drinking water exposure pathway only.
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Figure 10-2
Dose rate versus time fractiles for the 108 branch Integrated "base case". Dose to
the average member of the critical group 5 km downstream. The seven most
Important radionuclides Included. Al exposure pathways Included.
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The study of "Hazard Index" calculations induded in Chapter 14 of Part II of this report
makes the point that multiple features, events, and processes (FEPs) contribute to
overall repository performance. These contributions to performance come from both
"natural" and "engineered" FEPs.

We have not performed any analyses on the effects of human intrusion since the work
reported in EPRI [1992]. That work was speculative, and, like all estimates of repository
performance based on assumptions about future human behavior (including dose
estimates), is fraught with unquantifiable uncertainty. Yet, the assumptions required
for dose estimates involve aspects of human behavior common to all people
everywhere: everybody must eat and drink; and the vast majority of food consumed is
produced with agriculture methods using water resources. Thus, in the calculation of
doses it seems reasonable to assume water is used for both agriculture and domestic
requirements including drinking. Human intrusion scenarios due to drilling do not
share this same sort of universal basis in human behavior. While there is reason to
believe that there is a non zero probability of some sort of human intrusion at or near
the proposed Yucca Mountain site may occur some time in the future, the nature of that
intrusion is bound to be very speculative.

Industry input on human intrusion applied to Yucca Mountain was supplied in 1994 to
the National Academy of Sciences Committee on the Technical Bases for Yucca
Mountain Standards [Kessler and Bauser, 1994]. That input suggested that any human
intrusion scenario should not be part of the formal regulatory compliance comparison
analysis, but merely be provided for regulatory insight. Until such time as EPA or NRC
specifies and justifies a particular human intrusion scenario, it will be difficult to
provide anything but speculative technical analysis with only limited regulatory
insight.

10.2 Comparison with TSPA-VA

It is worthwhile to compare the models and parameters found to be critical by IMARC
Phase 4 with those found by the TSPA-VA [TRW, 1998] to be most influential. Given
the divergent nature of the calculational methods used by the two studies, similar
conclusions reinforce the importance of certain models and parameters over others.

Level of abstraction. The amount of 'abstraction' in the DMARC Phase 4 model is, in
general, higher than that used in TSPA-VA. This is most in evidence in Chapter 4.
Chapter 4 deals with the effects of heterogeneous tuff fracture/matrix properties and
decay heat on the distribution of groundwater flow and temperature at the repository
horizon. Rather than delving into two phase flow modeling details applying
heterogeneous matrix fracture properties (e.g., spatially dependent and uncertain
relative permeabilities and van Genuchten parameters) with discrete heat sources, a
general analytical expression was developed linking general matrix permeabilities,
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decay heat source strength, and average infiltration rates (Appendix D). Then expert
judgment was used to combine selected M&O modeling results and ESF tests with this
general analytical "rule of thumb". The resulting expert judgment provided estimates
of the degree of flow heterogeneity (flow focusing) and its effect on temperatures,
fraction of the repository experiencing active dripping (fraction 'wet'), and the flow
rate. Given the uncertainties and heterogeneities of the matrix and fracture thermal and
two-phase flow properties, it was decided to use two fixed degrees of flow focusing,
'strong' and 'weak', instead of a continuous distribution of a host of fracture/matrix
properties. It was felt that choosing two discrete levels of flow focusing would capture
an adequate range of behavior to represent the uncertainty in a variety of relatively
poorly known properties and their interactions.

10.2.1 Superpluvials

Analysis in Chapter 2 suggests that the TSPA-VA arguments for "superpluvials" in the
Yucca Mountain vicinity in the paleo record are not well founded. Chapter 2 suggests
that the scientific basis for the presumed presence of these superpluvials should be
reexamined.

10.2.2 Fractions of the repository that is considered 'wet'

Probably the most noteworthy difference between the results of Chapter 4 and that in
the TSPA-VA is the range of potential repository fractions wet. The TSPA-VA work
considers the full range of fractions wet (0 to 1) as having a non-zero probability - at
least within some particular range of average net infiltration rates. This causes a very
large distribution in individual Monte Carlo realizations of dose versus time. In the
IMARC analysis of fraction wet the range is much more limited. Although the fraction
wet does include zero as a possibility, this low value is only considered to occur for a
relatively short time. Over much longer times (dominated by the 'glacial' period in
Table 4-3), the fraction wet is confined to a range of 0.05 ('weak' focusing, 'low'
infiltration rate) to 0.24 ('weak' focusing. 'high' infiltration rate), or less than a factor of
five. This is likely to be one of the major reasons why the range of the individual
branch runs, presented in Figures 9-19 through 9-23, is much narrower than in the
TSPA-VA calculations. Given the heterogeneous nature of the rock surrounding the
disposal drifts, it was considered unlikely that 100% of the containers could be dripped
on. In fact, the fraction wet value of 0.24, the highest value considered in the IMARC
Phase 4 "base case", is probably a conservative estimate, and for that reason it is
assigned a relatively low probability of occurrence.

Fracture-matrix coupling. We find fracture-matrix coupling to be an important model
for estimated doses at 10,000 years,, in terms of how this coupling affects both the
fraction of the repository that is 'wet' and in how it affects radionuclide transport. The
representation of coupling used in IMARC Phase 4 has several implications that relate
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to other parts of the model. The fractions wet depend strongly on the focused-flow
factor that quantifies the degree of fracture-matrix coupling. The amount of UZ
dilution depends on the focused-flow factor as well. Finally, as a result of certain parts
of the repository having finite or zero fractions wet, depending on the fracture-matrix
coupling, the failure of containers depends on this model as well. Thus the modeling of
fracture-matrix coupling in the UZ carries has significant influence in IMARC Phase 4.
The TSPA-VA models uncertainty in the fractions of waste packages wet directly, and
finds this uncertainty to be the most important contributor to uncertainty in peak dose
rates at all times. This is in agreement with the ]MARC Phase 4 results.

Where the IMARC and TSPA-VA model assumptions disagree dramatically is the level
of fracture/matrix interaction in the saturated zone (SZ). As discussed in Chapter 7, the
LMARC model presumes that the effective fracture spacing in the SZ is 0.75 meter. For
block sizes of this order of magnitude, non sorbing or sparingly sorbing contaminants
have a chance to diffuse all the way into the center of these matrix blocks. In effect, the
matrix/fracture system can be treated as an equivalent porous medium for fracture
spacings of this order of magnitude. The TSPA-VA analyses seem to employ much
larger fracture spacings such that very little of the SZ matrix is available for
contaminant diffusion out of the relatively fast flowing fractures. Thus, contaminant
transport in the SZ in the TSPA-VA analyses is relatively rapid compared to the DMARC
"base case" analysis. This is especially true for species like neptunium that have some
sorption capacity onto the tuff. In one IMARC sensitivity study where the effective
fracture spacing was increased to 100 meters, it was confirmed that much more rapid
neptunium breakthrough occurred. This difference between assumed degrees of SZ
fracture/matrix interaction results in IMARC estimating negligible 'Np to dose during
the first 10,000 years due to early container failures whereas WNp contribution to total
dose during this same period in the TSPA-VA analyses is substantial.

Early container failures. IMARC Phase 4 finds that the fraction of early container
failures is an important parameter for estimating doses during the first 10,000 years,
and this confirms the results found in TSPA-VA for 10,000 years. In the base case
results for IMARC Phase 4 this fraction of early failures is not treated with uncertainty,
but we have confirmed this sensitivity by increasing the failures by a factor of 10, and
by showing the extreme case of assuming 100% of containers fail early.

Rate of container failures. The TSPA-VA finds that the mean corrosion rate of C-22 is a
contributing uncertainty at all times, and that the variability of corrosion rate is
important for doses at 100,000 years. IMARC Phase 4 models uncertainty in the mean
corrosion rate indirectly. This is done by assigning, somewhat arbitrarily, a 5%
probability that the corrosion rate is faster than the fastest corrosion rate considered
reasonably plausible, and a 5% probability that the rate is slower than the slowest rate
considered plausible. However we estimate that this uncertainty would not be
important in the IMARC Phase 4 calculations for 10,000 year doses because early
failures are the only mechanism for generating releases and doses at that time period.
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At one million years we conclude from sensitivity studies assuming 100% container
failures that the effect on peak dose would be moderate, and this is in agreement with
the TSPA-VA conclusion that uncertainty in mean corrosion rate is the fourth-largest
contributor to uncertainty in doses. For 100,000 years, the critical assumption from
IMARC Phase 4 is whether any containers are in the hot, wet portion of the repository.
If so, they are subject to relatively fast, localized corrosion processes, will fail, and will
cause releases and doses downstream.

Credit for cladding. The RMARC Phase 4 analysis did not assume that the cladding
provided any additional protection to the spent fuel pellets once the container was
assumed breached. The basis for this decision was concern about the lack of
understanding of long-term cladding failure mechanisms. Furthermore, we assumed
that cladding that was partially failed (e.g., via an axial split or crack) would not
provide significant additional protection for the bulk of the fuel pellets from water
ingressing as slowly as is anticipated in the normal release scenario.

This is in contrast to the fairly significant credit for cladding taken in the TSPA-VA
work. In this work, a major proportion of the waste inventory is considered to be
protected from contact with groundwater over very long time periods. This led to a
reduction in the dose estimates of one to two orders of magnitude. This does not mean
that we completely disagree with the credit taken for cladding in the TSPA-VA work,
however. With further reflection and resources from the IMARC team it may be that
we would agree that some credit for cladding is justified.

Solubilities of nuclides and alteration rate of waste form. We find that solubilities of
nuclides and the alteration rate of the waste form are moderately important in
determining the magnitude of doses. Alteration rate affects the magnitude of doses
from the soluble fission products, 9̀Tc and 'I at early times but has little to no effect on
any radionudide at later times. Similarly, the TSPA-VA concludes that uncertainty in
alteration rate is not important.

On the other hand, solubilities are found to have more of an effect for some of the
radionuclides. At early times, the selection of the 'low' technetium solubility value
caused the estimated dose due to "]Tc to be lowered dramatically; there is little effect on
WTc dose between the 'moderate' and 'high' values chosen. For neptunium there is a
significant change in the t Np dose between all three neptunium solubility values
chosen in the IMARC analyses. This is in agreement with the TSPA-VA study, which
concludes that neptunium solubility is important (once several other uncertainties have
been reduced or removed).

Saturated zone dilution. In IMARC Phase 4 our best interpretation is that there is full
interaction between the fractures and matrix in the SZ, and this controls the rate of
transport of nuclides. This interaction is controlled by the block size in the SZ;
sensitivity studies show that much larger block sizes would imply less interaction, less
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effective retardation, and earlier arrival times of doses. The concentrations and doses
would be quite similar, however. Similarly, varying the velocity of flow in the SZ will
affect times of peak doses but not their magnitudes significantly. The 3-dimensional
model of SZ flow incorporated in IMARC Phase 4 is quite detailed, and given the
properties of the Bullfrog unit, it calculates concentrations accurately. However, we
have modeled in detail the transport out to 5 km from the repository, and have
estimated transport (and further dilution) to 20 km in only a rudimentary way. More
exact modeling will require the ability to handle laterally changing soil properties,
specifically alluvium in the last several km at Amargosa Valley. Thus we would concur
that SZ dilution over the 20 km from Yucca Mountain to Amargosa Valley will
contribute to uncertainty in doses; IMARC Phase 4 does not have a model that can
estimate that dilution quantitatively. Rather, independent calculations were employed,
as reported in EPRI [1996] and in Chapter 7.

Probably the most significant difference between the IMARC conceptual model of
dilution and that employed in the TSPA-VA is that we find the lowest end of the range
of dilutions assumed in ISPA-VA as improbably low. Specifically, the very lowest
vertical transverse dispersivities considered plausible in the TSPA-VA were considered
implausible in the work reported here. The basis for this was discussed in Chapter 7.

Biosphere dose conversion factors. We have estimated doses using 'reasonable upper
bounds' of flux-to-dose conversion factors based on general references as applied to
possible 'critical' groups in Amargosa Valley (see Section 8). Analyses of the effects of
parameter uncertainties, as well as human habit variability on the estimated flux-to-
dose conversion factors used in IMARC were explored in Chapter 18. It is suggested
that the fixed flux-to-dose conversion values used in IMARC are a reasonable upper
bound. Furthermore, the uncertainty in parameter values provides for a possible range
in these dose conversions of one to two orders of magnitude. Consideration of human
habit variability on dose conversions, based on actual habit surveys, suggests that there
can be over two orders of magnitude spread in individual dose distributions due to
habit variability. Thus, uncertainty/variability in dose conversion factors would have
added probably two orders of magnitude additional uncertainty in the IMARC "base
case" analyses - had they been included.4 Thus, this is another major source of
uncertainty identified in this report. The TSPA-VA concludes that the uncertainty in
biosphere dose conversion factors caused by biosphere model parameter uncertainty is
roughly in the range of an order-of-magnitude, and only becomes an important
contributor to uncertainty in doses at one million years.

4The biosphere uncertainty range is NOT centered about the dose conversion factors used in the Phase 4 analyses.
Rather, if biosphere uncertainty had been included in the IMARC "base case", the expected value of the dose
estimates would have decreased from the values shown in Chapter 9 - perhaps by an order of magnitude or more.

10-10



DISCUSSION AND EVALUATION OF RESULTS (R. McGuire and J. Kessler)

10.2.3 General observations regarding the comparison of IMARC Phase 4 and
TSPA-VA results

We observe that the magnitude of the doses estimated by IMARC Phase 4 are in general
agreement those in the TSPA-VA (within an order of magnitude for all time periods).
This agreement can be considered quite close, given that the models, level of
abstraction, and input parameters for particular FEPs are considerably different
between the two analyses. Whether this is simply fortuitous or speaks to the robustness
of the combined analyses is not altogether dear. It may be that one particular
combination of conservatisms (and potential non conservatisms) in one TSPA effort
were, on the whole, balanced by a different combination of conservatisms/non-
conservatisms in the other TSPA analysis. There is certainly some evidence for this.

In the end, this independent comparison of TSPA approaches for the proposed Yucca
Mountain repository provides further confidence that the major FEPs controlling the
overall safety of the facility have been identified.
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CONCLUSIONS AND RECOMMENDATIONS

(J. KESSLER AND R. MCGUIRE)

11.1 Perspective on TSPA results

This Total System Performance Assessment (TSPA), like all TSPAs, is largely based on
abstracted 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.

Regulations limiting the negative impacts of any potential HLW repository will require
a quantitative assessment of total performance. Regulations limiting individual dose or
health risk will require additional assumptions about the nature of the future biosphere
and the behavior of the hypothetical individuals living in it. Thus, the TSPA will
remain a very necessary and central component of compliance demonstration.

Where a dear 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, as have been pointed out throughout
the previous chapters. Obviously it is 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 databases to make some of the
conservatisms and/or uncertainties more realistic. 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 fSPA 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.

A second, important role of TSPA, of course, is to ensure that a potential repository is
"safe enough" to be constructed and used. In this role the comparison of TSPA results
with regulatory limits is important in an absolute sense. In the best of all worlds, one
would perform a TSPA on all options for disposal of high-level waste, and choose
among them based on their impacts, uncertainties, and costs. We do not have that
luxury for the potential repository site at Yucca Mountain; hence a comparison of TSPA
results for this one site with "acceptable doses" based on regulations will become the
measure of safety. As we have pointed out, no single TSPA captures the breadth of
interpretations available in the relevant science and engineering fields, but we hope that
the current effort will add perspective to the TSPA conclusions reached by others.

11.2 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 constructed and operated according to
the current repository design, we are confident that very low doses to hypothetical
individuals living in the vicinity of Yucca Mountain can be reasonably assured for
many thousands of years into the future. The time period over which very low doses
can be ensured 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 our
current results show compliance for even the conservative individual for time periods
beyond 104 years, as well. Further, it is likely that additional site development work
and TSPA model refinements to eliminate some large conservatisms can be made that
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would reduce estimates of projected dose rates. A wide uncertainty band will be
associated with any dose projection that far into the future, however. Regulatory
agencies will have to understand that a large portion of the uncertainty band in TSPA
results is irreducible, and will have to integrate that uncertainty into their own thoughts
about reasonable assurance of safety.

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.

• 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.

11.3 Recommendations for future work

11.3.1 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
future work to better understand these components. 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 evaluate the
site as 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 in the evaluation. Demonstrating confidence in support of a
regulatory decision will be critical to the successful licensing of any HLW disposal
facility. Part of this confidence will come from the demonstration of redundant barriers.
Thus, future work should be geared toward:
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1) Identifying which barriers contribute to performance, and demonstrating that those
barriers function as expected. Chapter 14 presents a 'Hazard Index' approach of
identifying those features, events, and processes (FEPs) that contribute to waste
isolation. It is recommended that both DOE and NRC conduct a similar analysis.
Chapter 16 provides a demonstration of an 'interaction matrix' approach of
documenting FEPs and their interactions to make performance assessments more
'transparent'. Again, we encourage DOE and NRC to explore this methodology.

2) Exploring alternative indicators of performance as additional input for regulatory
insight. Chapter 15 of this report provides a few suggestions of such alternative
indicators. Although quantitative analysis of these indicators is not appropriate as
the primary compliance measure, they can be useful to put some of the primary
analyses into perspective.

3) Taking credit for additional existing barriers that are currently neglected. As
examples, we encourage DOE to pursue efforts to take credit for cladding, provide
better estimates of the long-term solubilities of key radionuclides, provide
reasonable estimates of fracture/matrix interaction in the saturated zone under
natural flow conditions, and identify the critical crevice corrosion temperature for C-
22.

4) Identifying additional engineered barriers that can significantly improve total
system performance. For example, we encourage the development of drip shields,
capillary (Richards) barriers, or other tailored backfills to enhance performance.
None of these barriers need to be perfect or infallible. Rather, they merely need to
substantially contribute to enhanced performance. For example, even if only 90% of
drip shields and/or capillary barriers remained effective over the long term, the
resulting dose reduction provided by these barriers could still be an order of
magnitude.

11.3.2 Specific recommendations

Several possible recommendations for future work can be made based on the sensitivity
and other ancillary studies presented in Parts I and II of this report.

Flow heterogeneity

We support further field and modeling work to narrow the range of uncertainty
regarding the fraction of the repository that is wet under various conditions.
Specifically, work to reduce the reasonable upper bound on fraction wet substantially
below 1 will be of significant value to overall performance.
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Container/cladding

Both the IMARC Phase 4 and the TSPA-VA analyses suggest that dose estimates during
the first 10,000 years post closure are almost entirely due to 'early container failures'
(i.e., container failures due to processes not related to long-term corrosion). Both the
M&O and EPRI models make largely arbitrary assumptions about the fraction of the
total container inventory that may be subject to early container failure. The bases for
the fraction of containers subject to 'early failure' should be improved. Furthermore,
their character may be different from that of later container failures. The open area for
groundwater penetration, the location of failures, presence of corrosion products, and
the mechanical state of the cladding and fuel may be fundamentally different. This
should be explored as well.

Chapter 5 documents a set of conservatisms related to the corrosion of both carbon steel
and C-22. These conservatisms were adopted due to lack of good data about long-term
corrosion processes. For example, we assumed a critical crevice corrosion temperature
for C-22 of about 80C. If we had chosen the few published values of 105C container
failure rates would have decreased dramatically. -However, we felt it was prudent to
choose the lower value. Work to better characterize this critical crevice corrosion
temperature or to provide a reasonable upper bound on the most aggressive chemical
conditions at the C-22 surface will help to reduce the uncertainty in its performance. In
particular, a major improvement in estimated performance can be realized if the critical
crevice corrosion temperature can be reliably determined to be higher than 80C.
Additional work to better characterize these and other long-term corrosion processes
should be pursued.

Although the IMARC Phase 4 model did not take any credit for cladding, we encourage
efforts in this area. Obviously, DOE found credit for cladding to have a significant
effect in its TSPA-VA analyses. EPRI is engaged in R&D on extended dry storage life
that may bear fruit on the credit for cladding issue for disposal as well. We encourage
collaboration in this area. For example, opportunities such as investigating the spent
fuel stored at INEEL should not be missed by either the DOE disposal or storage and
transportation programs.

Solubility/sorption data

In the IMARC Phase 4 analyses, a big drop in Tc-99 dose was estimated if the "low"
solubility value was used (Fig. 9-6a). Work to determine if mechanisms exist to support
the low solubility Tc value as a "best estimate," might potentially result in reduced dose
estimates at early times. Also, it may be useful to determine if there is adequate
reducing material in near field to keep technetium in its lower solubility Tc(IV) state
instead of the currently assumed, higher solubility Tc(VII) state. However, without
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some similar mechanism to reduce iodine solubilities or migration rates, the benefit of
even completely eliminating Tc from release would only be about an order of
magnitude. Thus, additional work to investigate lower Tc solubilities would have to be
combined with additional work to lower iodine solubilities or migration rates, to be of
significant benefit. This points out the usefulness of additional general barriers like drip
shields or Richards barriers that act to reduce the migration of all species.

Saturated zone fracture/matrix coupling

The IMARC Phase 4 analyses assumed considerable credit for fracture/matrix
interaction in slowing the migration of all species, whether sorbing or non-sorbing.
Additional work to determine the degree of fracture/matrix interaction under natural
flow conditions may prove valuable.

Biosphere/human behavior

Although parameter uncertainty in the biosphere models contributes to overall
uncertainty in the dose estimates, it seems that variability in present-day human
behavior in the Yucca Mountain region provides an even greater range in the dose
conversion factors. Thus, it may not be worthwhile to pursue uncertainty reduction in
the biosphere parameters. However, it would be a good idea to confirm that the range
of parameters considered in the uncertainty analysis in Chapter 18, upon which this
conclusion is based, adequately captures a reasonable range of uncertainty.

It has also been noted in Chapter 18 that the current plans to use a critical group are
highly conservative. Even if the critical group concept is preserved for compliance
purposes, it is recommended that individual dose distributions in the local population
be estimated to provide regulatory insight and public confidence.
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12
INTRODUCTION TO PART 11 AND THE APPENDICES

(J. KESSLER)

In Part I of this report the IMARC TSPA code and analyses were presented. Although
many sensitivity analyses were presented in Section 9 of Part I, it may be that a single
number is used for the quantitative compliance evaluation against the regulatory limits.
Thus, it may be only Figure 9-2, the expected value for the "base case" full probabilistic
IMARC run, that is used quantitatively.

The "pre-draft" regulation for Yucca Mountain recently available from the US Nuclear
Regulatory Commission [NRC, 1998], suggests that a single compliance number may,
indeed, be what will be used for the proposed HLW disposal facility at Yucca
Mountain:

§ 63.113 Performance objective for the geologic repository after permanent dosure.

(a) The geologic repository shall include multiple barriers, consisting of both natural
barriers and an engineered barrier system.

(b) The engineered barrier system shall be designed so that, working in combination
with natural barriers, the expected annual dose to the average member of the critical
group shall not exceed 0.25 mSv (25 nrem) TEDE at any time during the first 10,000
years after permanent closure, as a result of radioactive materials released from the
geologic repository.

From the "Supplementary Information' section of NRC 11998]:

Demonstration of compliance with the postclosure performance objective
specified at § 63.113(b) requires a performance assessment that quantitatively
estimates the expected annual dose, over the compliance period and weighted
by probability of occurrence, to the average member of the critical group....
Consistent with EnPA and the NAS recomnmendations, the Commission proposes
that the results of performance assessment shall be the sole quantitative measure
used to demonstrate compliance with the postclosure individual dose limit.
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However, the NRC [1998] does note that there is a role for additional analyses that may
be used for regulatory insight (i.e., to provide additional qualitative or semi-
quantitative confidence in the regulatory decision):

§ 63.101 Purpose and nature of findings. (a) (1)... The purpose of this subpart
is to set out the performance objectives and other criteria that, if satisfied, will
support such a finding of no unreasonable risk.

1) Although the performance objective for the geologic repository after
permanent closure specified at § 63.113 is generally stated in unqualified
terms, it is not expected that complete assurance that the requirement will be
met can be presented. ... Proof that the geologic repository will be in
conformance with the objective for postclosure performance is not to be had
in the ordinary sense of the word because of the uncertainties inherent in the
understanding of the evolution of the geologic setting, biosphere, and
engineered barrier system. For such long-term performance, what is
required is reasonable assurance, making allowance for the time period,
hazards, and uncertainties involved, that the outcome will be in conformance
with the objective for postclosure performance of the geologic repository.
Demonstrating compliance will involve the use of complex predictive models
that are supported by limited data from field and laboratory tests, site-
specific monitoring, and natural analog studies that may be supplemented
with prevalent expert judgment. Further, in reaching a determination of
reasonable assurance, the Commission may supplement numerical analyses uwith
qualitative judgments [emphasis added] including, for example, consideration
of the degree of diversity among the multiple barriers as a measure of the
resiliency of the geologic repository.

Thus, if the above language is part of the final regulation for Yucca Mountain, then
there will be a place for augmenting the performance assessment with "qualitative
judgments".

12.1 Summary of Part II Contents and Acknowledgments

Part II of this report provides a few examples of additional qualitative and quantitative
analyses that could be used to supplement the main TSPA analyses used for
compliance. Chapter 14, written by John Kessler with calculations done by John Vlasity
at Risk Engineering, provides a "Hazard Index" approach to evaluating the need for
"consideration of the degree of diversity among the multiple barriers as a measure of
the resiliency of the geologic repository." [NRC, 19981 This chapter starts by evaluating
the purely theoretical "hazard" caused by the complete removal of all features, events,
and processes (FEPs) that act to reduce the "hazard" (measured as individual dose).
Subsequent analysis in Chapter 14 adds FEPs in succession to provide an estimate of
their individual contribution to hazard reduction. FEPs that can be considered mostly
"natural", mostly "engineered", or an immutable combination of both are considered,
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such that a rough estimate of the total contribution of "natural" and "engineered" FEPs
to hazard reduction can be made. The analysis suggests that there are many "natural"
and "engineered" FEPs that contribute to hazard reduction, not just one or two.

Chapter 15 provides a brief review of the use of alternative indicators of performance
(i.e., assessment end points other than individual dose). Several international guidance
organizations or regulators have suggested there may be a role for supplemental (as
opposed to primary) analyses, especially for analyses attempting to estimate repository
performance many thousands of years in the future [IAEA, 1994,1998a; Environment
Agency et al., 1997; SKI, 1990]. The supplemental analyses take the form of alternative
performance indicators, such as radionuclide fluxes or concentrations. The analysis
provided in Chapter 15 suggests that radionuclide flux and concentration analyses can
be made, including comparison to natural uranium ore bodies, but that the use of this
analysis when compared to natural fluxes or concentrations must be done carefully.
Chapter 15 was written by Michael Apted, Patricia Salter, and Grahem Smith at
QuantiSci, Inc.

Chapter 17, provides a review of the issue of time frames of performance analysis. This
review includes discussion of what various international guidance organizations and
national regulatory authorities say about the need to alter the nature of performance
assessment approach used as a function of time in the future for which such PA
projections are made. The review section of Chapter 17 was written by Barbara Watkins
of QuantiSci, Ltd. Chapter 17 also includes an analysis of the appropriate "regulatory
cutoff time" for the proposed Yucca Mountain site. This analysis was written by John
Kessler of EPRI. The analysis suggests that an appropriate regulatory cutoff time for
Yucca Mountain is in the range of le to 104 years, although TSPA dose estimates should
be made up to the time of peak dose. However, such analyses beyond the regulatory
cutoff time should only be used for "regulatory insight", rather than for quantitative
compliance assessment purposes.

Chapter 18 investigates several significant biosphere issues related to testing the
appropriateness of the "flux-to-dose conversion factors" used in IMARC to calculate
doses to the "average individual in a critical group". First, a different numerical model
was used to partially explore differences in dose conversion factors that may be caused
by differences in model implementation. This comparison was limited because
pathways were modeled in similar ways, and the same parameter values were used
wherever possible. However, the limited review suggested the two codes compared
well. Chapter 18 also provided a comparison of the "critical group" assumptions
forming the basis for the IMARC calculations [Smith et al., 1996] to a distribution of
human behavior based on both national averages and a survey of eating habits of
people living in the Yucca Mountain region today. As part of this comparison, a partial
analysis of the individual dose distribution in the local population is presented. The
results suggest that the "critical group" assumptions made for IMARC provide a
reasonable upper bound. That is, although somewhat higher dose conversion factors
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could be derived, the dose conversion factors used in IMARC are at the high end of a
reasonable range. In a somewhat surprising result, a comparison of the uncertainty in
biosphere model parameters to the variability of human behavior suggested that
human variability may be significantly larger than biosphere parameter uncertainty.
The majority of Chapter 18, including all of the quantitative analysis, was provided by
Richard Klos of Aleksandria Sciences. Additional contributions were provided by
Graham Smith of QuantiSci, Ltd., and John Kessler of EPRI.

Two of the chapters in Part 1, 13 and 16, provide recommended approaches to making
the performance assessment "fit for purpose" and more "transparent". Chapter 13
provides an extensive summary of the "assessment context" developed in the IAEA-
sponsored BIOMASS Theme 1 program [WAEA, 1998b]. The assessment context
provides answers to the usually unstated questions: what are you trying to assess? and
why are you assessing it? Although these issues may seem obvious, the lack of a clearly
stated "assessment context" often leads to internal inconsistencies in the development
of a performance assessment approach. The assessment context cited in Chapter 13 was
developed for use in biosphere model development, but should have a wider
application to the entire performance assessment effort, including engineered and
geologic components of the repository system. The assessment context cited from IAEA
[1998b] in Chapter 13 was written by several participants of the BIOMASS Theme 1,
although much of the cited text can be attributed to Graham Smith of QuantiSci, Ltd.
(with apologies to the other contributors to the IAEA[1998b] assessment context
document not mentioned here). A final section in Chapter 13, provided by John Kessler
of EPRI, includes a summary of the assessment context used as a basis for the analyses
and information provided in this report.

Chapter 16 presents a promising method of making performance assessments more
"transparent". Although fundamentally nothing more than a tool for presenting the
interactions between repository system FEPs (primarily the "features" part of the FEPs)
the ability to clearly show the relationships between FEPs using the "interaction matrix"
approach provides much needed "transparency" to TSPA conceptual model
development. Chapter 16 provides a few examples of the "interaction matrix"
approach applied to the overall IMARC TSPA components, and the EBS subsystem.
This shows the usefulness of the interaction matrix approach in showing the FEP
relationships as well as the ability of the tool to document the rationale for including
and excluding FEPs in the final TSPA model. Chapter 16 was provided by Matthew
Kozak and Wei Zhou of QuantiSci, Inc. Part of Appendix C, provided by Ansie Venter,
Richard Little, Mike Egan, and Graham Smith of QuantiSci, Ltd., shows another
interaction matrix and supporting documentation for an alternative biosphere model of
a desert region resembling the Yucca Mountain area.
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12.2 Summary of Appendices and Acknowledgements

Additional supporting material and analyses for various Chapters of this report are
found in four appendices. Appendix A, written by Barbara Watkins of QuantiSci, Ltd.,
provides a rationale for the choice of a limited set of radionuclides included in the
IMARC analysis. This appendix includes a review of previous TSPAs for Yucca
Mountain and other relevant sites to derive the most important radionuclides that
contribute to individual dose.

Appendix B, written by Wei Zhou, Michael Stenhouse, and Michael Apted of QuantiSci,
Inc., summarizes the results of some sensitivity studies they performed on the potential
importance of corrosion products and very near-field tuff in reducing estimated dose
rates. IMARC analyses, some of which is presented in Chapters 9 and 14, suggests that
the relatively small amount of corrosion products and tuff considered part of the
engineered barrier system in the IMARC model can, in some instances, provide
significant dose reduction. This seemingly curious result is explained in Appendix B.

An alternate biosphere model resembling the Yucca Mountain region was developed
and presented in Appendix C. This model was developed to explore the potential
importance of the use of natural surface water bodies as an irrigation water supply, and
the effect of playas further downstream from Yucca Mountain (during the current
climate cycle). Model results were compared to the model in Smith et al. [1996] that
formed the basis for the dose conversion factors used in IMARC. The result of the
analysis suggests that, for the assumptions and parameter values chosen, the dose
conversion factors used in IMARC as developed by Smith et al. 11996] are higher. This
provides additional assurance that the dose conversion factors used in IMARC provide
a reasonable upper bound. Appendix C was written primarily by Ansie Venter with
input from Mike Egan, Richard Little, and Graham Smith - all from QuantiSci, Ltd.

Appendix D, written by Ben Ross of Disposal Safety, Inc., provides the simple analytical
model of hydrothermal fluid flow through Yucca Mountain during the "thermal" and
"post thermal" phases. This model is used by Ben in Chapter 4 to provide the
temperature and groundwater distribution histories used by IMARC to determine
container failure distributions and radionuclide fluxes exiting the EBS.
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13
THE ROLE OF A CLEAR 'ASSESSMENT CONTEXT'

(G. SMITH AND J. KESSLER)

13.1 Introduction

Part I of this report summarized recent total system performance assessment (ISPA)
work conducted by EPRI on the candidate HLW repository at Yucca Mountain. Yet, it
is sometimes unclear why such performance assessments are conducted. It is vital for all
performance assessments to clearly define their "assessment context", as stressed by the
international BIOMASS program sponsored by the International Atomic Energy Agency [IAEA,
1998]. The assessment context must answer fundamental questions about the performance
assessment, namely:

• What is being assessed by the calculations?

• Why is the assessment being conducted?

Recognizing the importance of "assessment context" in the appropriate development of
biosphere models to be used in performance assessments of HLW disposal facilities on
land, the IAEA-sponsored BIOMASS "Theme 1" program focused special attention on
the assessment context [IAEA, 1996]. The biosphere modelers participating in
BIOMASS Theme 1, like geosphere and engineered barrier system (EBS) modelers,
understood the need to develop a model that was "fit for purpose" within the
additional constraints of existing regulations, available scientific information, and
budgets.

The BIOMASS Theme 1 Steering Committee organized a special Task Group to develop
a document of the fundamental principles of the assessment context that would guide
all of the biosphere model development effort that includes: biosphere system
identification; justification; and description; use of data; model development; and
identification of appropriate exposure groups. This Task Group (Task Group 3 titled
'Consideration of Alternative Assessment Contexts') has produced a working document
[IAEA, 1998] that has application for the entire TSPA effort applied to HLW disposal,
including the geosphere and EBS, not just to biosphere performance assessment. This
document identifies and explains the components of assessment context: Purpose,
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Endpoints, Assessment Philosophy, Repository System, Site Context, Source Terms and
Geosphere-Biosphere Interface, Time Frame and Societal Assumptions. Alternatives for
each component were discussed along with the implications for biosphere model
development.

Given the importance of assessment context for the entire TSPA effort, with the lessons
it provides it is worthwhile to provide a brief summary of the BIOMASS Assessment
Contexts document in the following sections.

13.2 Review of the BIOMASS 'Assessment Context' Working Document
[IAEA, 19981

13.2.1 What Is the Assessment Context?

It is assumed that some form of assessment is being carried out of the post-closure
performance of a solid radioactive waste repository. The assessment context answers
fundamental questions about the performance assessment (PA), namely:

* what are you trying to assess? and

• why are you hrying to assess it?

In a quantitative assessment, these questions become:

• what are you trying to calculate? and

* why are you trying to calculate it?

Historically, the questions have not been answered very clearly.

The scope of the biosphere models is, in general terms, the migration and accumulation
of radionuclides in the biosphere and the estimation of the radiological impacts on
environmental and human health. However, concerning what is to be calculated, there
was generally no agreement on what type of dose or risk to calculate. Dose to whom?
Risk of what? Concerning why, sometimes the intention would be to demonstrate that
a dose level would not be exceeded; in other cases the intention would be to assess the
real dose. Without guidance, the biosphere assessment person was left to make up his
or her own mind. Sensible things were done in isolation, but the result could be
inconsistent, both within the individual total system performance assessments, and
when different assessments were compared.
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13.2.2 Objectives of the IAEA (19981 Assessment Contexts Document

(1) To identify components of assessment context relevant to the biosphere
part of a PA;

(2) To identify alternatives for each component, and discuss why and when
each is relevant, and identify advantages and disadvantages associated
with each alternative;

(3) To consider the implications for biosphere model development, data
requirements, etc.

(4) To provide example combinations of components (i.e. example
Assessment Contexts) for use in the other BIOMASS Theme 1 Task
Groups. The selection of examples should reflect relevant perspectives,
e.g. regulator, operator, status of repository development programme.

The first three objectives will be summarized below. The fourth objective, development
of example assessment contexts, was included to provide an opportunity for the
demonstration of the consistent use of an assessment context across all the biosphere
model development components (system identification, justification, description, use of
data, and exposure group definition). The example assessment contexts are currently
under development in the BIOMASS Theme 1 program.

The focus of BIOMASS Theme 1 is on issues concerned with the biosphere part of a
repository PA and hence, upon the biosphere aspects of the assessment context.
However, it stands to reason that the biosphere assessment context should be consistent
with the context for the overall PA. It is assumed to be important that the overall PA
assessment context and the context for each part of the PA (such near field, far field and
biosphere) should be coherent and consistent. For example, a consistent approach to
treatment of uncertainties would be important since the major assessment conclusions
would be dependent on evaluations made of all parts of the assessed system. This does
not mean that exactly the same uncertainty analysis methods must be applied
throughout, but that, for example, similar types of uncertainty should be treated
similarly, and a consistent approach to pessimistic or realistic choices of parameters
applied. The treatment of uncertainties in the biosphere is particularly different from
other parts of the system under assessment because likely changes in the biosphere will
be larger and occur more quickly than in other parts of the system.

Quality assurance (QA) is one increasingly emphasized requirement of performance
assessment, especially because of the need to trace decisions made within the
assessment. However, QA is often assumed to be more concerned with "how" the PA
is done rather than with the "what" and "why" referred to above.
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13,2.3 Identification of Assessment Context Components in IAEA [1998]

The components, as set out in BIOMOVS II [1996], included: assessment purpose,
assessment endpoints; repository type; and site context. Additional features have been
added, concerning the source term from the geosphere into the biosphere, including the
radionuclides released, the release mechanisms and other features of the geosphere-
biosphere interface. An additional component was also added that is concerned with
the treatment of uncertainties and the degree of pessimism (conservatism) to be
adopted in choosing parameter values and other model assumptions. this has been
called 'assessment philosophy, a term adopted from the earlier BIOMOVS II [1996]
work.

It should also be noted that in real assessment situations, only some components of the
assessment context may be provided to biosphere assessment people, either by
regulators or from the wider PA assessment context. Other components would remain
to be specified by the people carrying out the biosphere part of the PA. In this case, it is
very useful for this specification to be done at the start of the biosphere assessment, at
least in a draft form as a basis for model development. As assessment work proceeds, it
may be found appropriate to amend the initial assumptions in the light of consideration
of factors such as data availability. It should also be recognised that it is possible for
some issues, which are, on the face of it, issues for biosphere model development to be
pre-empted by external decisions. For example, regulations may specify the
requirement to adopt specific assumptions about biosphere systems.

Purpose of the assessment: The general purpose of a biosphere part of a radioactive waste
disposal assessment is to determine the radiological significance of potential future
discharges of radionuclides. In any specific case, however, the purpose of conducting
an assessment may vary from simple calculations to test initial ideas for disposal
concepts, to support for a disposal license application requiring detailed, site-specific
performance assessment against regulatory criteria. The level of complexity and
comprehensiveness will vary according to the use to which it will be put. Additionally,
the assessment endpoints of interest may not only vary in type, depending on the
assessment purpose, but also in the level of rigor required for compliance
demonstration.

Endpoints of the assessment: The structure and composition of a biosphere model will
tend to reflect the results that it is designed to evaluate. These, in turn, will largely
depend on the criteria (regulatory or otherwise) that are adopted to judge the overall
performance of the disposal system for a particular site, of which the biosphere is a part.
Thus, for example, it may be appropriate that a model geared to assessing the expected
value of the effective dose to the average member of the critical group differs from
another designed to evaluate endpoints such as collective dose, concentrations of
radionuclides in environmental media or the radiological impact on non-human biota.
Several different endpoints may be necessary in development of the safety case for a
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licensing application. The importance of the selection of appropriate endpoints in the
assessment process has been highlighted in a wider context by the US Environmental
Protection Agency [US EPA, 1996].

Assessment philosophy: The reason for including this component arises from the
apparent different approaches that can be applied to the assessment of specific
endpoints. While the nature of the endpoint may have been clearly defined, the nature
of the assumptions used in assessment of the endpoint also need to be made clear. A
particularly important example concerns the degree of pessimism to be introduced
when defining assumptions for hypothetical exposure groups. A wide review of this
issue was reported in Appendix A2 of BIOMOVS II [1996]. This showed that many
different assumptions have been made in previous assessments that have had
important implications for the values of the assessed doses, even though the apparent
initial intent in assessing the doses was to address the same endpoint The review
indicated that advice on this issue is generally lacking in regulatory guidance.
Furthermore, sometimes the performance assessments have not been consistent with
what advice there is. While critical group assumptions are an important example, it is
clear that the problems with adopting a consistent approach to the level of pessimism
can arise in any part of the assessment. As a contribution to solving these problems, a
statement setting out the approach to be taken should be included in the assessment
context.

Repository system: The description of the process system to be represented in a
biosphere model must be consistent with the known details of the disposal facility being
considered, including the type of repository under consideration. For example, the type
of repository (characterized for example by depth, host rock, waste type, etc.), in
conjunction with other assessment components such as, evolution of future climate (site
context) or time frame, may support identification of other assessment components,
such as, radionuclides of concern, or geosphere/biosphere interface(s).

Site context: The general location of a repository may have an important influence on
the likely pathways for release of radionuclides to the biosphere and the extent to which
factors such as climate and ecological change can influence the impact of such releases.
For example, a coastal location may provide a marine receptor for radionuclides
released from the repository, whereas the assessment for an inland mountain location
may not need to address marine FEPs. Additionally, site context should define, in
general terms, the current surface topography and climate in the vicinity of the site.
For example, the topography at some sites may suggest lacustrine environments
whereas, in others, lakes are not common.

1The issue of the degree of conservatism involved in the definition of "critical" groups as applied to the proposed
Yucca Mountain site is discussed in more detail in Section 18 of this report
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The information provided under site context could be a mixture of verifiable
information associated with present day conditions, or it could relate to assumptions to
be made for assessment purposes, if, for example, the assessment were site generic, and
there is little or no site specific context, or if the assessment is required to make
particular assumptions about site evolution. It could also be a mixture of both. In any
case, a clear distinction should be made between the verifiable information and the
assumptions made for assessment purposes.

The site context may help to define the spatial domain to be included within the
biosphere system description. The domain may also be influenced by the exposure
groups that have to be considered, in turn, potentially affected by societal assumptions,
below. For example, if only a narrowly defined critical group is to be considered, then a
limited spatial domain may be sufficient If, however, an indicator of collective
radiological impact is required, as in recent guidance provided by the UK authorizing
departments [EA et al, 199712 a wider domain may need to be considered, depending on
the nature of the exposure group. Endpoints are therefore also important This shows
how the different components of assessment context can interact.

Source terms and geosphere-biosphere interface: The structure and modelling requirements
of the biosphere model will be dependent on the radionuclides under consideration and
the interfaces assumed between the geosphere and biosphere. It is important that all
relevant processes are included, either in the geosphere or biosphere models and, in
general terms, this requires a dear definition of the interface as well as dear recognition
of where in the assessment particular processes are being taken account of.

Model requirements for some radionuclides will be very different from others. For
example, the environmental behavior of plutonium isotopes is very different from that
of Cl-36. The specific interface(s) between the geosphere and biosphere, which could
be gaseous, aquatic (either marine, freshwater), terrestrial, or an intruding well, or yet
other alternatives, will be determined as part of interactions between the biosphere
modeler(s) and geosphere/engineered systems modeler(s). Additionally, the
geosphere-biosphere interface(s) may be time-dependent because of site evolution, as
modeled in the geosphere and/or biosphere parts of the PA. Decisions about which
radionuclides and interfaces to include can be based, in part, on previous analyses or
ancillary modelling (see for example, Westcott et al [1995]).

Timeframes: Waste disposal should ensure equitable protection of both current and
future generations; this will involve balancing greater certainty for shorter time periods
with increasing uncertainty over longer time periods. An appropriate time frame
should also provide information to the decision maker on potential impacts from short-
and long-term hazards and should facilitate distinction between alternative disposal

2 Collective dose also forms the basis of the existing US EPA release limits in its regulation for US HLW disposal
sites other than Yucca Mountain [US EPA, 1993].
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sites. The time frame should be selected, recognizing inherent limitations and
uncertainties in assessment methodologies, as well as constraints on the scientific
credibility of long-term estimates of repository performance imposed by unpredictable,
large scale geologic changes. The selection of a specific time frame can have
considerable impact of considerations in biosphere modelling such as relative
importance of site evolution, critical radionuclides, and geosphere/biosphere
interfaces.3

Societal assumptions: As there is little technical basis for predicting the nature or
probability of future human activities, it is necessary to make assumptions about future
human habits in order to calculate future doses and risks. As part of development of the
biosphere model, assumptions of future human actions will need to be defined, such as,
level of technological development, type of society (eg, agricultural or urban), and basis
for habits and characteristics (eg, present day local behavior or other sources for
assumed behavior). Societal assumptions are dependent on the degree of conservatism
or realism desired in the analysis and the endpoints to be considered. It should be
noted that it is expected that the identification of the exposure groups under
consideration as part of the biosphere modelling be based, in part, on the societal
assumptions and if the exposure groups have been previously identified and defined,
the societal assumptions should not be inconsistent with that definition.

13.2.4 Alternatives for Each Assessment Context Component [from IAEA, 19981

A number of different purposes can be envisaged for a PA which may have implications
for reference biospheres and biosphere modelling. However, it may be presumed that
the fundamental principles of radioactive waste management will have overall
relevance or application to those different purposes. The IAEA provides just such a set
of principles [IAEA, 1995] with the express purpose of giving a common basis for the
development of more detailed standards and a basis for national waste management
programmes. It is unnecessary to reproduce all the principles here and the associated
discussion. However, the following four principles are reproduced here because of
their particular relevance to post-closure PA.

Principle 1: Protection of Human Health. Radioactive waste shall be managed in
such a way as to secure an acceptable level of protection for human health.

Principle 2: Protection of the Environment. Radioactive waste shall be managed
in such a way as to secure an acceptable level of protection of the environment.

Principle 4: Protection of Future Generations. Radioactive waste shall be
managed in such a way that predicted impacts on the health of future

3 The subject of time frames is taken up in greater detail in Section 17 of this report
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generations will not be greater than the relevant levels of impact that are
acceptable today.

Principle 5: Burdens on Future Generations. Radioactive waste shall be managed
in such a way that will not impose undue burdens on future generations.

13.2.4.1 Alternative Assessment Purposes

Demonstrate compliance with regulatory requirements/regulatory development: In this case,
the focus is to address the specific regulations and the related guidance from the
regulators. If regulations do not exist then the same type of assessment work could be
used to support development of regulations. Some regulations are prescriptive in their
form, giving relatively precise requirements and definitions, whereas others are more
qualitative or may yet remain to be decided. In the latter case, the PA objectives may
include provision of broader supporting analyses of safety issues and development of
regulatory guidance, or even the development of the regulations themselves. The
detailed requirements may also vary according the stage of repository development,
e.g. proof of concept, permission to construct, or operating license, etc. The particular
endpoints for which a standard has been set may have been defined. In general, the PA
would therefore expect to address these endpoints. They may be quantitative or
qualitative. Concerning quantitative endpoints, there is a big difference between
having to show that the endpoint limits are not exceeded and having to assess the value
of the endpoints themselves. The assessment specific requirement in this area should be
made very clear.

Contribute to public confidence. In this case, there may be an increased focus on
presentation of the types of results which can be readily absorbed by a less technical
audience. It may also be necessary to address the interests of, say, local people with
particular behavior patterns, who wish to see the implications of those behavior
patterns addressed, whether they are critical or not. The key issue is that public
interests may be wider than those of regulators. It is therefore important to recognize
which additional factors should be addressed to meet that interest at the outset of the
PA, not half way through the program.

Contribute to confidence of policy makers and the scientific community: The assessment must
satisfy these groups and other important opinion formers. However, they may have
specific and different interests from those of the public generally. More detailed
modelling might be required to address concerns here, beyond the detail required in a
Total Systems Performance Assessment (TSPA) model. Sometimes this is called
research modelling or auxiliary modelling, supporting the PA modelling assumptions.
The results may be used to justify simplifications adopted in a TSPA model. Policy
makers may also be interested in a simple measuring stick, using radiological protection
terms, which can be used to roughly assess the performance of a proposed disposal
system.
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Guide research priorities: Intermediate endpoints may be of interest here and not just the
final regulatory endpoints. The objective could be to compare investigation needs in
the near field and/or the geosphere relative to the biosphere, or the focus could be on
identifying the research priorities within the biosphere part of the PA. In either case,
radionuclide specific priorities could be of interest.

Proofof concept: A lower level of detail may be acceptable in this case compared to that
required in the latter stages of repository development. If no specific sites are
identified, then no site specific data can be used. However, it may be convenient to
consider a range of site type alternatives, such as inland and coastal.

Guide to site selection and approval at later stages in repository development: Fuller
information should become available in latter stages of repository development. This
should include details of the site itself but also results of preliminary PAs. The latter
should include the more likely important mechanisms for release of radionuclides into
the biosphere, as well as which radionuclides are involved. Such information may
significantly reduce the level of effort required for detailed modelling, providing
important focus for the biosphere part of the PA.

System optimisation: In radiation protection terms, optimization generally requires that
in relation to any particular source within a practice, the magnitude of individual doses,
the number of people exposed, and the likelihood of incurring exposures where they
are not certain to occur, should be kept as low as reasonably achievable, economic and
social factors being taken into account (the ALARA principle). Treatment of
optimization may be dependent upon regulatory requirements and guidance on the
application of the ALARA principle to long term post-closure situations.

13.2.4.2 Aftemative Assessment Endpoints

The following have been identified as potentially relevant. The advantages and
disadvantages are discussed.

Individual risk: Risk of some form of health detriment due to radiation exposure has the
advantage that it can be compared with risks of similar health detriments due to other
causes. The risks can be explained without the need to explain the complications of
radiation protection quantities. The risk quantity allows for inclusion of high-
consequence/low probability events, and probabilistic risk assessment provides a
quantitative formalism for incorporating the effects of parameter uncertainty.

However, risk remains a difficult quantity to define and a difficult quantity to explain.
Mathematical expressions for risk do not generally coincide with public perception of
what risk is. Combining the range of possible events which might occur before some
point in the future when radionuclide release might occur and including them
coherently in a model may be extremely difficult. The location of the exposed group in
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time and space can be combined in a number of ways with the operation of averaging
over parameter distributions to give a number of different but internally consistent risk
definitions. For example, see NAS 119951. A dear expression is required of what type of
risks are to be considered, and to whom.

Individual dose: Individual dose has the complementary disadvantages and advantages
of risk. For both or either of individual dose and risk it may be of interest to assess not
only values representative of the most highly exposed but also the more likely levels of
exposure. It is also possible to consider the individual dose distribution among
different populations living in the vicinity of the site and in the region beyond that.4

Given the long timescales involved, any assumptions about such populations would be
speculative. Clearly, those responsible for choosing model parameter values need to
know what is required in this respect. It is appropriate to develop a consistent
approach to choosing parameter values or extremes of parameter ranges as regards the
degree of pessimism. As regards parameters directly affecting exposure, descriptions of
the nature of the exposure or the exposed group will provide guidance. However, it is
not always clear whether this should be part of the assessment context, or part of the
assessment itself.

Again, for both or either of individual dose and risk, it is necessary to be explicit about
what types of dose (effective or other) the model is to calculate, and for whom, e.g.
adult, child, others. Also, is the dose the annual dose or the dose in a lifetime Any of
these alternatives could be relevant.

Collective doses and risks: Collective dose is the total dose received by an exposed
population. The integral of collective dose rate over all time and people is called
collective dose commitment. If the time integral is to less than infinity, then the
quantity calculated is called truncated collective dose commitment. The integral may be
similarly limited with respect to population, for example, according to spatial domain.
Truncated collective dose commitments provide an overall measure of radiological
impact on society or on parts of society (see discussion in [SSI, 1995, and SSI, 1997]). It
may be useful to present information on the individual dose rate that the collective dose
is delivered. It may also be appropriate to limit the integral to doses delivered above a
particular level of individual dose [Kaul et al, 1987].

Collective doses can be converted to collective risks through consideration of the
probability of exposure and/or the probability of harm arising from the exposure.
Clearly, the same complications arise, or worse, as for individual risks.

It can be argued that assumptions about population exposures are very uncertain. SSI
[1997] includes the requirement to consider collective doses integrated over a limited
period but suggests that collective dose estimates should be viewed only as an aid to

4 Individual dose distribution in the vicinity of the Yucca Mountain site is explored in Section 18 of this report.

13-10



The Role of a Clear 'Assessment Context' (G Smith and I Kessler)

comparison of options. To aid such comparisons, it may be appropriate to present
collective dose estimates broken down over separate periods of time and spatial
domains. ICRP has suggested that where uncertainties are greater than the differences,
then the results should not be used [ICRP, 1985]. All this implies that the models used
to estimate collective effects would need to be capable of providing temporally and
spatially stratified results as well as uncertainty estimates.

Modifications to the radiation environment: distribution/concentration of repository
radionuclides in the environment: A range of alternatives to dose and risk can be used
as repository safety indicators.5 They include a variety of comparisons with natural
background, such as radiation dose rates in different locations, radionuclide
concentrations in different media such as soils and sediments, but also in foodstuffs and
breathable air. The estimates of these quantities are less dependent on seemingly
arbitrary assumptions about human behavior, but are also less indicative of the impact
on human health.

Estimates of uncertainties or confidence: In one sense, an estimate of uncertainty or
confidence can be regarded as just one aspect of each endpoint rather than an endpoint
in itself. However, the importance of this issue warrants separate consideration. There
may be specific regulatory requirements regarding levels of confidence, regarding the
calculated quantity, such as dose, as well as the likelihood that the circumstances giving
rise to the dose will arise. There are links between risk definition and uncertainties, as
noted above. The assessment context should include guidance on how to deal with
conceptual uncertainties as well as parameter uncertainties as part of the assessment
philosophy. It is to be hoped that such guidance will be consistent across the whole PA.

13.2.4.3 Alternative Assessment Philosophies

A range of approaches can be considered and two are presented here, representative of
approaches that have been used before, based on work in BIOMOVS II [19961. The first
is termed "cautious'; the second is termed "equitable". They should not be considered
as opposites. That is, a 'cautious' approach should not be considered as inequitable;
equally, an 'equitable' approach should not be considered as reckless. Rather, they
represent two illustrations along a philosophical continuum.

The assumption behind the 'cautious' philosophy is that safety is provided by ensuring
that nobody will ever receive anything more than a very small dose (or health risk)
from radioactive waste disposal. This implies that assumptions relevant to individual
dose assessment should be pessimistic and would focus on those very few people who
would receive the very highest doses, such as members of critical groups identified in
the assessment of present day releases. In the most extreme case, the cautious

5 Alternative safety indicators is discussed in more detail in Section 15 of this report.
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philosophy may lead to consideration of the "maximally exposed individual", referred
to in 40CFR191 [US EPA, 19931.

The assumption behind the 'equitable' philosophy is that radioactive waste disposal
constitutes a health risk to present and future generations like many other risks society
chooses to tolerate. To be equitable, it should be regulated to the same level as these
other risks. Some of the levels of risks that society currently tolerates and that
regulators use in setting standards are based on society wide averages rather than on
specific higher risk subgroups. In contrast with the cautious approach, the equitable
assessment philosophy implies defining exposure groups on a wider, less pessimistic,
basis.

Although the distinction between cautious and equitable is not always black and white,
it is important to apply an assessment approach consistent with the approach adopted
in setting the criteria. Thus, it is important for policy makers to provide as much
description of the assessment philosophy as possible so that consistency with that
philosophy can be maintained between regulations and approaches to evaluating
compliance.

13.2.4.4 Altemative Repository Systems

This assessment component can be subdivided into three categories of information:
depth of repository, host geological medium, and waste type.

The use of long term monitored storage, in a variety of forms, has been a major issue in
public discussions and formal hearings. Based on legal requirements, these types of
other solutions have been considered as alternative solutions in environmental impact
assessments carried out or under way for HLW disposal projects in several countries.
Consequently, it is appropriate to carry out assessments of these alternatives and to
undertake comparative assessments of the alternatives. In the case of options based on
long-term monitoring and retrieval of wastes emplaced in a deep repository, the
releases to the accessible environment and subsequent transport in the biosphere are
not expected to be very much different from the situation related to an already sealed
repository. On the other hand, is not disposal. Furthermore, it is quite generally
considered [NEA, 1995] that from the ethical point of view, it is better to rely on
geological disposal as compared to the option of prolonged surface storage as the latter
option transfers the responsibilities associated with the waste management to future
generations.

Depth of repository and host geological medium: The depth of the repository and host
geological medium can be important inputs to the selection of time frames and
geosphere-biosphere interfaces. Both of these context components are usually
provided to the assessor and are not matters of choice. For proof of concept analyses,
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and other scoping analyses, the information provided may be vague, but the
assumptions made should be stated.

Waste type: The waste type will have a strong influence on the key radionuclide(s)
considered in the biosphere analysis. General waste types include low-level radioactive
waste, intermediate-level radioactive waste, vitrified high-level radioactive waste, spent
fuel, and transuranic wastes. Deep geological disposal is expected to be used for any
wastes containing a significant proportion of long-lived radionuclides.

13.2.4.5 Alternative Site Contexts

The site context describes the physical features of the current biosphere around the
repository and should especially focus on areas encompassing the geosphere-biosphere
interfaces. The site context should include brief descriptions of the current local site
conditions, such as surface topography (e.g., mountainous, hilly, flat, location of valleys,
etc.), current climate, surface lithology and soil types (focused on suitability for farming
practices), fauna and flora, local surface water bodies (e.g., rivers, artesian wells, ponds,
wetlands, etc.), and near-surface aquifers. The spatial extent of the site context
description depends on the type of endpoint(s) employed in a particular assessment.
For individual dose and risk, the significance of variability in local conditions is much
larger, whereas in the case of collective impact indicators, especially global collective
dose, the level of impacts is less sensitive to local conditions.

The site context will help to define the spatial domain to be included within the
biosphere system description. The variability of sites is, however so large that it is
unlikely that a single site context could reasonably cover all relevant variations. This
suggests that one Reference Biosphere could not adequately be applied to a variety of
sites unless only limited objectives were being set Even at a single site, environmental
changes within the time frame of interest could take many forms. The assessment
context should at least provide guidance as to whether the potential for such change
needs to be considered in the assessment. Especially site climate and its evolution as
well as type of landscape (flat or mountainous) and surface topography (type of
overburden, bedrock outcrop, wetland), could all be relevant and thus deserve
inclusion as alternatives for site context. However, a clear distinction should be
retained between verifiable information and assumptions made for assessment
purposes.

13.2.4.6 Alternative Source Terms and Geosphere-Biosphere Interfaces

The detailed configuration and characteristics of the interface between the biosphere
and geosphere is site specific and may be time-dependent because of site evolution due
to, for example, climatic changes and human activities. For example, in the case of
discharge to a surface water body, there may be transport through bed sediments and
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deeper sediments to consider. Radionuclide concentrations in and transport through
sediments could be important because of the implications for rate of release into the
surface waters, but also because sediments may later be converted into a substrate on
which crops and other plants can grow. Corresponding changes could arise in the case
of discharges entering soil from below. For discharge via a well, abstraction effects on
the groundwater flow system and other possible effects on radionuclide migration
might need to be considered, potentially involving feedback assumptions for the
geosphere modelling.

13.2.4.7 Time Frame

[Although discussed in JAEA, 1998, this topic is discussed in detail in Section 17 of this
report.]

13.2.4.8 Societal Assumptions

Assumptions related to future human behaviour and habits are key issues in defining
reference biospheres. One commonly accepted approach is to use current data. If
changes at the site have to be taken into account, current data from other sites which
presently reflect the assumed changed conditions can be used. This is on the basis that
the variability in present conditions at different locations is one way of representing the
spectrum of the future variability at any particular single site.

The spatial extent of the domain may also be influenced by the exposure groups which
have to be considered. In the case that only a narrowly defined critical group is to be
considered, then a narrow domain may be sufficient. For example, if it is considered
sufficient to assess individual doses due to consumption of drinking water derived
from a well at some location defined by geosphere modelling, the amount of data
needed is quite restricted. However, consideration of a wider range of exposure groups
will result in greater data requirements. If an assessment is required of an indicator of
collective radiological impact then a wider domain may need to be considered,
depending on the definition of that collective indicator. If the spatial domain is
restricted, the results are much more sensitive to variability and temporal evolution of
local conditions as compared to indicators describing the impacts on much larger
domains (regional or global). For the latter type of applications, the impacts may be
more directly dependent on the total amounts of release and it may be sufficient to rely
on simple conversion factors between the impact indicator and total release.

13.2.5 Implications for Model Development

The documentation of the assessment context should state as clearly as possible the
requirements of the biosphere modeler. The defined assessment components not only
state the purpose, endpoints and key readily identifiable facts of the system (repository
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type, site context); it also identifies basic premises for the treatment of uncertainty and
the less predictable aspects of biosphere evolution, such as the geosphere-biosphere
interface. By documenting basic premises about the geosphere/biosphere interface, for
example, the degree of linkage problems with the rest of the PA are reduced. Clear
identification of the assessment components such as site context, key radionuclides,
societal assumptions, and endpoints may be used to limit the scope of the biosphere
modelling. The assessment context can also give an indication of the degree of
complexity the biosphere modelling may be required to contain. In particular,
calculations of collective doses and risks would require a different (wider) consideration
of radionuclide dispersion from what is commonly included in biosphere models for
repository PAs.

It has been suggested that there can be value in trying to simultaneously address more
than one assessment purpose or objective. This is legitimate of course, but could then
lead to separate requirements from models. Multiple purposes may require multi-
functional models. Practically speaking, the long-timescale for the development and
operation of a radioactive waste repository, several decades or more, means that
regulations and other requirements may change significantly during the repository
development program. So far as possible, it is helpful to anticipate changes, but at the
same time, relevant focus must be retained within the current phase of work. Careful
development of an assessment context should help develop the appropriate
compromise.

13.3 Lessons from IAEA [1998] for the Rest of the Performance Assessment

Although the assessment context discussion extensively cited in Section 13.2 was for
biosphere model development, almost all of it is equally applicable to the EBS and
geosphere components of the overall performance assessment. A clear description of
the assessment purpose(s), endpoint(s), philosophy, repository systems, site contexts,
source terms and geosphere/biosphere interfaces would be of benefit to the TSPA
developers, regulators and other decision makers, and society. Thus, any TSPA
claiming to be "transparent" should begin with a clear statement of assessment context.
With a clear assessment context in hand, it will be possible to:

* make decisions about the kind of data and models required;

* provide a consistent level of conservatism (or at least explain when departures from
a particular level of conservatism are necessary, and why); and

* present all analyses in the context of a particular assessment purpose.
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13.4 Assessment Context for the Work Presented in This Report

EPRI is conducting independent analyses of the proposed HLW repository at Yucca
Mountain for a variety of purposes. These purposes have shaped the nature of the
work related to Yucca Mountain supported by EPRI, as well as the way in which the
analyses in this report have been conducted.

EPRI General Assessment Purposes

In any work EPRI conducts and supports related to the proposed spent fuel and HLW
repository at Yucca Mountain, it is important to acknowledge that EPRI is neither the
'regulator' or 'implementor'. EPRI as a whole is largely funded by the electric utilities
to conduct R&D on their behalf. The main reason the EPRI R&D program related to
Yucca Mountain exists is to provide technical input to the nuclear electric utility
industry on the technical issues related to site development and regulatory progress at
Yucca Mountain. Thus, there are three general purposes in support of which the
analyses and additional information provided in this report were conducted:

Inform the utility industry: 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. Current DOE plans require six
more years and another two billion dollars of funding before DOE is ready to submit a
license application. The nuclear utilities, on whose behalf EPRI has conducted analyses
related to Yucca Mountain, need assurance that there are no technical issues that would
make the Yucca Mountain site unsuitable. Technical insights gained by EPRI during the
course of these analyses can also be used as input to help shape industry positions
related to spent fuel management.

Assess the technical implications of proposed orfinal EPA/NRC regulations for Yucca
Mountain: Regulations for Yucca Mountain have yet to be finalized. Some of the work
presented in this report is meant to inform the utilities, DOE, as well as EPA and NRC
of the technical implications of proposed regulations.

Identify opportunities to ease the licensing process: This does not imply that EPRI is looking
for a way to get the proposed Yucca Mountain facility licensed even if it appears
technically unsuitable. Rather, this purpose is to propose either additional engineered
barriers or methods of analysis to overcome particular difficulties in demonstrating
repository performance - good or bad. An example of a proposed engineered barrier is
the Richard barrier, or capillary barrier that, if demonstrated to be feasible with
additional work, could result in not only improved repository performance but,
perhaps more importantly, eases the need for detailed site information on the amount
and distribution of groundwater percolation rates at the repository horizon [EPRI,
1996]. The use of an assessment context (this Section), and 'interaction matrices' to
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present the features, events, and processes involved in the TSPA models (Section 16)
provide an example of a way to make TSPAs more "transparent".

In the assessment context terms used in LAEA [19981 as presented in Section 13.2, the
following assessment context components were used in this report

Purpose of the assessment:

Demonstrate compliance with (assumed or draft) regulatory requirements/regulatory
development: Although final regulations are not yet available, some of the work
presented in this report has been directed at determining if it is likely the proposed
Yucca Mountain site would comply with several kinds of regulation that EPRI
understands have been considered by adoption by EPA and NRC. Many of the
TSPA results presented in Part I, with additional discussion in Sections 14 and 18,
and the Appendices can be used to help provide insight regarding compliance
demonstration. Furthermore, much of the analysis presented in this report is also
useful in the development of regulations, as discussed earlier.

* Contribute to public confidence: Analyses presented in Section 14 are designed to
provide both the regulatory and the public with assurance that many components
are contributing to overall performance, not just one or two engineered barriers.
Work in Section 18 specifically addresses the variability of individual dose estimates
if the habits of the present-day inhabitants of the Yucca Mountain vicinity were
applied to future hypothetical individuals assumed living in the Yucca Mountain
vicinity at the time when releases from the proposed repository might occur.

* Guide research priorities: Uncertainty and sensitivity analyses presented in Sections 9
and 18 investigate what components of the total repository system, including the
biosphere, contribute and do not contribute substantially to uncertainty/variability
of the estimated dose.

Assessment Endpoints

* Individual dose: Deterministic analyses for a fixed repository evolution and
biosphere scenario are presented in Section 9.

* Individual risk. This is the dominant endpoint used in this report. In general this is
expressed in terms of "dose risk", rather than "health risk", as discussed briefly in
Section 17.

Truncated collective dose risks: Individual dose distributions for the population in the
vicinity of the proposed Yucca Mountain site are considered in Section 18. The
analyses presented are not true collective dose in the sense that they have been
truncated both in space and time.
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* Estimates of uncertainty or confidence: These are provided in Sections 9 and 18.

Assessment philosophies adopted

* 'Cautious' philosophy: This philosophy was adopted for all of the LMARC results
presented in Section 9 in terms of the definition of the exposed individual. That is,
an average individual in a critical group was assumed.

• 'Equitable' philosophy: This philosophy was adopted in Section 18 when considering
alternative exposure groups.

* Mixture of 'cautious' and 'equitable': Assumptions used in the individual components
of the IMARC TSPA were a combination of 'cautious' and 'equitable' (or 'best
estimate'). In general, the EPRI analysis used 'best estimate' approaches when they
were available, but often adopted a 'cautious' approach where data were scarce or
resources were limited. For example, the assumptions related to net infiltration and
"fractions wet" (of the repository) were generally 'best estimate', although more
pessimistic assumptions were adopted in Section 9 as part of a sensitivity analysis.
In contrast, the container corrosion model presented in Section 5 was more
'cautious' in the sense that a more pessimistic assumption was made regarding the
critical crevice corrosion temperature for C-22; furthermore, no credit was taken for
the presence of cladding to reduce the amount of spent fuel exposed to groundwater
once a container was assumed to fail.

Alternative repository systems and site contexts

These are described throughout Part I of the report.

Geospherelbiosphere interfaces

A single well supplying contaminated groundwater to a desert farm for a variety of
agricultural and domestic uses was used most often in this report. However,
alternative geosphere-biosphere interfaces were explored in Section 18 and Appendix
C.

Timeframes

Assessments were made for one million years. However, Section 17 provides a more
detailed discussion about the appropriateness of various time frames for formal,
quantitative regulatory compliance versus those appropriate for "regulatory insight".

Societal Assumptions

In general, a desert farm family critical group was considered, as summarized in Section
8. This farm family was assumed to have a shallow well into the alluvium downstream
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of Yucca Mountain that was used for all agricultural and domestic water needs. For the
analyses presented in Part I no other societal assumptions were necessary other than to
assume that the larger society was not so large as to influence the characteristics of the
hypothetical plume of contaminants.
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14
ASSESSMENT OF 'DEFENSE-IN-DEPTH': A 'HAZARD

INDEX' APPROACH (J. KESSLER, J. VLASITY)

14.1 Introduction and Purpose

The US Nuclear Regulatory Commission has proposed a 'defense-in-depth' approach as
part of their pre-draft regulation for the candidate HLW repository at Yucca Mountain
[NRC, 1998]. In particular, the NRC pre-draft regulation requires the following:

§63.21 (c) (5): "An assessment to determine the degree to which those features,
events, and processes of the site that are expected to materially affect
compliance... ." [emphasis added]

§63.101 (a) (2): "...Further, in reaching a determination of reasonable assurance,
the Commission may supplement numerical analyses with qualitative judgments
including, for example, consideration of the degree of diversity among the
multiple barriers as a measure of resiliency of the geologic repository."

§63.102 (h): "Multiple barriers. §63.113(a) requires that the geologic repository
include multiple barriers, both natural and engineered. Geologic disposal of
HLW is predicated on the expectation that a portion of the geologic setting will
be capable of contributing to the isolation of radioactive waste, and thus be a
barrier important to waste isolation.... It is intended that natural and the
engineered barrier system work in combination to enhance the resiliency of the
geologic repository and increase confidence that the postclosure performance
objective ... will be achieved."

§63.113 (a): "The geologic repository shall include multiple barriers, consisting of
both natural and an engineered barrier system."

§63.114: "Any performance assessment used to demonstrate compliance ... shall:
(5) Provide the technical basis for either inclusion or exclusion of specific
features, events, and processes of the geologic setting in the performance
assessment. Specific features, events, and processes of the geologic setting must
be evaluated in detail if the magnitude and time of the resulting expected annual
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dose would be significantly changed by their omission. (8) Identify those design
features of the engineered barrier system, and natural features of the geologic
setting, that are considered barriers important to waste isolation."

Thus, multiple barriers are required, some of which must be geologic, and some must
be engineered. The barriers important to waste isolation must be identified, quantified,
and defended.

The purpose of the "Hazard Index" analyses provided in this section is to provide
rough, quantitative estimates of the importance of the major Features, Events, and
Processes (FEPs) in reducing the potential hazard due to the full inventory of disposed
spent fuel and HLW disposed of at the candidate HLW disposal facility at Yucca
Mountain. The approach used is to artificially "turn off" all FEPs initially, then add
successive FEPs (in as logical an order as possible) one at a time to gauge their
contribution to the total Hazard Index reduction. The FEPs will also be identified as
being either due to "engineered" or "natural" features, or both.

14.2 Starting point assumptions for the IMARC Hazard Index calculations:

The "Hazard Index" used in the calculations presented here are simply in units of
individual annual dose rate. This is in contrast to other hazard indices discussed in
Section 15.4. In order to "turn off" all of the FEPs involved with deep geologic disposal
of HLW, the following, admittedly unrealistic starting assumptions are used:

* The repository contains 70,000 MTU spent fuel at some reasonable average burnup
and a decay time of 2,000 years'. The same inventory data used in the IMARC runs
presented in earlier sections were used for the Hazard Index calculations, plus some
additional inventory data for the additional radionuclides we added to illustrate the
hazard reduction due to decay of some shorter-lived radionuclides;

* The entire inventory of radionuclides (from all 70,000 MTU) is assumed to be
dissolved in 0.6 m 3 of "drinking water". This assumes infinite solubility, and the
entire inventory is concentrated in one small location;

* The 0.6 m3 (containing the entire 70,000 MTU inventory of dissolved radionuclides)
is drunk by a single, adult individual over the course of one year at the beginning of
their adult life (age 20);

• It is acceptable to use the drinking water pathway concentration-to-dose conversion
factors found in EPRI TR-107189 - even for artificially high radionuclide
concentrations.

lIMARC starts with a decay time of 1,000 years, but requires its first single, 1,000-year time step to calculate the
initial peak values
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Based upon the above assumptions, the starting Hazard Index for all radionuclides,
Hltov in the 70,000 MTU inventory is nearly 1017 mrem (Figure 14-10). Thus, the peak
HtIot will need to be reduced roughly 16 orders of magnitude to be in the range of the
proposed standard found in the NRC pre-draft Part 63 [NRC, 1998]. Since the "base
case" dose rate versus time curve for the current JMARC analysis, Figure 9-2, does
show that peak individual dose rates at 5 km have been lowered to on the order of 10
mrem/yr it would be appropriate to be able to suggest what FEPs contribute to this
dose reduction by 16 orders of magnitude.

The above starting point assumptions can be attacked for being extremely non physical.
However, the intent is to neglect ALL FEPs initially, such as solubility and dissolution
rate constraints and the fact that it is impossible for all of the water to pass through the
system and then flow into a small enough volume to be drunk by a single individual in
a single year. Solubility and dissolution rate constraints are two of the many FEPs to
assign benefit to. Furthermore, the fact that engineering design can dictate how
concentrated or spread out the waste is should also have a place in the calculations
about how concentrated the water flow paths can get. To start with some more "eal'
set of assumptions would begin to neglect some of the FEPs that are in play. Since one
of the purposes of these Hazard Index calculations is to show there are many FEPs that
contribute to hazard reduction, it is undesirable to exclude any initially. The
introduction of Hazard Reduction Factors later on will allow the reader to start at a
more "realistic" point if desired.

A starting time of 1,000 years was used to avoid difficulties with including shorter-lived
radionuclides that would contribute greatly to the initial Hazard Index, such as Cs-137
and Sr-90. Because IMARC's smallest time step used is 1,000 years, this means that the
initial calculation is actually made for 2,000 years.

14.3 Release scenario

Because these represent scoping calculations, and because it is necessary to strictly
control the FEPs that are introduced into the calculations, a single "scenario" was
investigated having many of the same properties as some of the more conservative
IMARC branches shown in Figure 9-1. "Weak" flow focusing, moderate solubility,
moderate waste alteration (dissolution) time (10,000 years), and moderate corrosion
product and rock retardation values (due to moderate sorption) were considered in this
"scenario". When the groundwater flux distribution through the distributed repository
was included, a constant 14 mm/yr infiltration (long-term average) was assumed in
these calculations. When transport into the SZ was considered the distance to the water
table (below the repository) was fixed at 321 meters.
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14.4 Results

14.4.1 General description

Results are presented in terms of "Hazard Index" versus time for a series of individual
radionuclides, and a HIH,. for the total of 22 of the radionuclides contributing the most to
long-term HI.

Figures 14-1 through 14-23 show the Hazard Index versus time for the starting case and
for ten sets of FEPs successively added that act to change the Hazard Index. Figures 14-
1 through -9 and 14-11 through -23 are for individual radionuclides. Figure 14-10 is for
the total Hazard Index summed over the 22 radionudides contributing the most to the
individual dose rate. The eleven curves shown on these figures are as follows:

"Hazard Index" (starting case - all FEPs "turned off"): All radionuclides from 70,000
MTNU of spent fuel are assumed dissolved in 0.6 m3 of water in year 1,000, which is
then drunk in a single year at year 2,0002. An "alteration time", the time required to
dissolve the fuel, was set to one year to allow the LMARC code to calculate the
dissolved inventory without becoming unstable. Since the fuel is dissolved in the
first time step it does not affect the results.

The figure is artificial in the sense that the dose is calculated at 2,000 years only.
Since all the radionuclides are assumed to be consumed in year 2,000 the curves go
back to zero at the next time step (3,000 years). Thus, only the dose rates at the peak
have meaning.

"10% of Repository Wet": This figure differs from the previous figure by a factor of
ten. This accounts for the suite of individual FEPs that cause only a portion of the
containers to come into contact with groundwater. The remaining 90% of the
containers were assumed to remain dry due to the following assumptions:

For the smaller local percolation rates, the fact that the drifts are air-filled
and curved causes the vast majority of the percolating water (for the lower
local percolation rates only) to be diverted around the drifts;

Groundwater flow through the repository horizon is heterogeneous, so
only 10% of the repository area has local percolation rates high enough to
allow water to drip into the drifts and onto containers. Both of these
processes were discussed in Section 4.

2 1This neglects the roughly 100 years of decay time before final closure of the repository. Also, starting at year 1000
avoids having to consider the relatively short-lived fission products.
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For the base case of the IMARC model presented in Section 9 (all 108 branches of the
logic tree), the fraction wet is a function of time and uncertainty in the degree of flow
focusing. Fractions wet in the IMARC branches vary from zero (for short times only) to
a maximum of 24%. Thus, the 10% fraction wet assumed for this Hazard Index
illustration provides a rough, order-of-magnitude estimate of the importance of this
FEP.

The FEPs contributing to the assumption that only 10% of the waste will ever be
dissolved are mostly due to natural features of the repository (flow heterogeneity
due to the presence of fractured, porous rock). However, the engineered feature of
the drift being placed in the unsaturated zone with a drift radius small enough to
divert low percolation rates around, rather than through, the drift also is an
important FEP. These natural and engineered FEPs act in concert, so cannot be
separated further.

For these FEPs, the "Hazard Reduction Factor" is 10 for all radionuclides. That is,
these FEPs act to reduce the HI by a factor of 10.

"10,000 yr Alteration Time": For this FEP addition it is assumed that the waste form
dissolves uniformly over 10,000 years, and all radionuclides are released
congruently. Because the dissolution rate has been increased by four orders of
magnitude from the previous cases, and because individuals are assumed to drink
0.6 m3 of water every year, peak concentrations have been reduced by a factor of 104.

The apparent decrease in concentrations between 10,000 and 20,000 years is a
modeling artifact. This is due to waste form dissolution occurring between years
1,000 and 11,000 but a single time step being taken between years 10,000 and 20,000.

Again, alteration time is a function of both natural and engineered features acting in
concert. That is, the dissolution rate is a function of "engineered" features, such as
the waste form properties (e.g., the UO2 matrix), and the degree to which the rest of
the waste package and any other engineered materials in the engineered barrier
system affect the chemistry or flow rate of the ingressing groundwater. The
alteration time must also be considered a function of the "natural" features of
groundwater chemistry and flow rate.

"Moderate Solubility": For these curves, solubility limits are added to those causing
only 10% of the repository to be wet and a 10,000-year waste form alteration time.
This FEP can be considered due to the "natural" system in the sense that natural
groundwater chemistry is assumed to control the solubility limits. An exception to
this may be if an "engineered" feature, such as the presence of reducing or chelating
agents, affected the local solubility limits. In the IMARC base case, three sets of
solubility limits were considered. For the Hazard Indices presented here, the
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"moderate" solubility values (see Table 6-3 for the individual element values) were
used.

"Containers Fail over Time": As discussed in Section 5, containers are assumed to
fail over many tens of thousands of years. At the time of emplacement it is assumed
that 0.01% of the containers have failed; after a few thousand years approximately
0.1% of the containers are assumed to have failed. These early failures are assumed
to be caused by undetected manufacturing defects.

The cross-sectional area of the containers that is assumed failed is 5% of the total.
This value is used to estimate the amount of groundwater entering the container
(long-term average infiltration rate times the "failed" cross-sectional area).

Although there is certainly a "natural" component to this FEP, it can mostly be
considered an "engineered" FEP.

"Backfill/CP Sorption": These curves show that adding sorption on container
corrosion products (iron oxyhydroxides) and backfill (crushed tuff) significantly
reduces the peak HI's for those radionuclides that sorb. For example, Ra-226 and
the plutonium peak HI's are reduced by a factor of 102; Am-241, Np-237, the
uranium radionuclides, and their daughters HI's are reduced by about a factor of 10
or more. The importance of corrosion product sorption is discussed in detail in
Appendix B.

This can also be considered mostly an "engineered" FEP.

"Volumetric Flow Rate": In all the curves preceding this one, all of the flow was
assumed to be limited to 0.6 m3 per year. Furthermore, this flow was assumed to
pass through ALL of the containers that were exposed to groundwater, then focused
back into a small enough volume that it could be consumed by a single individual in
one year.

In this curve, this assumption is removed. That is, it is assumed that the flow is no
longer limited to 0.6 m3 per year, nor refocused back into a small volume. Based on
assumptions of a reasonable percolation rate over the base case repository area,
actual annual flow volumes are roughly 104 times larger than 0.6 zn3 per year. This
reduces ALL individual HI values uniformly by roughly 104.

This effective dilution factor of 104 is mostly due to an "engineering" decision to
spread out the HLW over a large area (compared to the flow area associated with
just 0.6 m 3 /yr flow rate).
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• "AE [Accessible Environment] at Repository Footprint": In all the previous curves,
the HI's at the repository exit were considered. In this figure, the travel time
through the UZ and the portion of the SZ to the downstream edge of the repository
footprint are considered. Sorption in the UZ and SZ are still neglected. This causes
the peak Htot to be reduced by no more than a factor of approximately 10. This is
not surprising since relatively high contaminant transport rates through the
unsaturated zone and the relatively short segment of the saturated zone (to the edge
of the repository footprint) causes only a minor delay in the arrival time of the
radionuclides without the benefit of sorption. This FEP can be considered mostly
"natural".

* "UZ/SZ Moderate Retardation": These curves introduce "moderate" sorption
values to the tuff (see Table 6-2 for the "moderate" sorption values). This can be
considered a "natural" FEP.

* "AE at 5 kin": The effect of moving the measurement point 5 km downstream is to
allow for some dispersion causing dilution in the SZ, and further delays those
radionuclides showing at least some sorption to SZ rock. Dispersion between the
repository footprint and 5 km reduces the peak HltIot approximately one order of
magnitude. This is a "natural" FEP.

* "Dose from All Pathways": These curves add in all the non drinking water pathways
to the total dose estimate (see Section 8 for a summary and Smith et al. [1996] for a
detailed treatment of these other biosphere pathways). When this is done the HI's
increase rather than decrease. HI's for Tc-99, I-129, and Np-237 increase by roughly a
factor of 10'. HI's for some of the U-235 and Np-237 daughters increase even more.
The HI for Se-79 increases by a factor of roughly 104. This suggests that the drinking
water pathway may be a minor contributor to the total HI if subsistence agriculture
making exclusive use of contaminated groundwater is assumed.

The effective positions at which the HI calculations are made change as more FEPs are
added:

1. Inside the container: "Hazard Index"; "10% of Repository Wet"; "10,000 yr
Alteration Time";

2. Immediately outside the containers: "Containers Fail over Time"; "Moderate
Solubility"

3. At the edge of the EBS: "Backfill/CP Sorption"

4. Just below the repository in the UZ: "Volumetric Flow Rate"

5. Downstream in the SZ at the edge of the repository footprint: "AE at Repository
Footprint"; "UZ/SZ Moderate Retardation"

6. 5 km downstream in the SZ: "AE at 5 ki"; "Dose from All Pathways"
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14.4.2 Presentation of individual Hazard Index estimates

Tc-99 (Figure 14-1)

Figure 14-1 presents the HIT curves for Tc-99, one of the three most dominant
radionuclides in the expected value IMARC run for the full base case (Figure 9-2). The
initial HI for Tc-99 starts at just over 10", and is reduced by a factor of 10 for "10% of
Repository Wet", and another factor of 104 when the "10,000 yr Alteration Time" is
added. These HI reductions apply to all radionuclides as discussed earlier.
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Figure 14-1
Hazard Index for Tc-99.

The "Moderate Solubility" curve for Tc-99 lies directly on top of the "10,000 yr
Alteration Time" curve because Tc has a relatively high "moderate" solubility. Thus,
Tc-99 is alteration rate-limited.

Adding distributed container failure reduces the Tc-99 HI by another factor of -103 at
2000 years but just a factor of 101 at 10,000 years. This is because the additional early
container failures between 2000 and 10,000 years all begin contributing to the Tc-99 HI
since an alteration rate of 10,000 years was chosen. If an alteration time significantly
shorter than 10,000 years was chosen, say, 1,000 years, the HI reduction due to
alteration time would have been only a factor of 103 (rather than 104). However, the HI
reduction due to distributed container failure would have been larger at 10,000 years
since some of the containers failing at the earliest times would have already depleted
their inventories. Thus, the waste form alteration time and distributed container failure
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due to corrosion can be considered partially redundant features. This is because the
failure of one causes the other feature to partially compensate in terms if HI reduction.

One must be careful when using the term "redundant" in waste disposal systems. In
reactor licensing, "redundant" usually applies to active systems that can almost totally
compensate for a complete failure of another system. Furthermore, truly "redundant'
systems should not be prone to "common mode failures" - a sequence of events that
cause both systems to fail at the same time. Disposal systems do not have any "active"
systems. Furthermore, both container corrosion and waste form degradation may be
subject to a few "common mode failures". For example, if the prevailing geochemical
conditions became more aggressive, both container corrosion and waste form
degradation rates could be negatively impacted. Thus, the term "redundant", as it is
used in reactor licensing, is not appropriate for application in waste disposal.

The "Backfill/CP sorption" curve lies almost directly underneath the "Containers Fail
over Time" curve for Tc-99 in Figure 14-1. This is because Tc is considered only
sparingly sorbing on corrosion products and doesn't sorb at all on tuff backfill.

Adding the "Volumetric Flow Rate" FEPs reduces the HI by another 104 due to the
assumed mixing of groundwater passing through the failed containers with
uncontaminated water passing around the containers, as described in the previous
section.

Moving the HI assessment point down to the edge of the repository footprint in the
saturated zone ("AE at Repository Footprint") delays the time of arrival of the peak HI
by a few thousand years, but does not reduce the peak HI magnitude much. The peak
delay is due to additional travel time to get from the edge of the repository to the edge
of the footprint in the SZ. There is little opportunity for additional dispersion in the SZ
leading to additional dilution in the short distance to the edge of the repository
footprint, which is why the HI magnitude is not lowered very much.

Again, the relative importance of the "Volumetric Flow Rate" and "AE at Repository
Footprint" with regard to lowering the HI is due to the choice of assumptions made
about the "Volumetric Flow Rate". For this FEP it was assumed that groundwater
passing through failed containers is perfectly mixed with uncontaminated groundwater
passing around the containers. This may be considered an overestimate of the actual
amount of mixing that occurs. However, if less mixing were assumed (thereby
lowering the amount of HI reduction due to "Volumetric Flow Rate"), there would
have been more dispersion in the SZ (thereby raising the amount of HI reduction due to
moving the measurement point to the edge of the repository footprint). The reasons for
this were discussed in Section 7. They have to do with a greater dilution potential due
to dispersion if the source size is initially small versus a lesser dilution potential due to
dispersion if the source size is initially large. By assuming perfect mixing of
contaminated and uncontaminated groundwater directly beneath the repository, this
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implies that the source size is large - the dimensions of the repository. Thus, dilution in
the two zones are partially compensating.

Adding retardation in the UZ/SZ does not affect the Hazard Index since Tc is not
thought to sorb to tuff. Therefore, the "UZ/SZ Moderate Retardation" curve lies
directly underneath the "AE at Repository Footprint" curve in Figure 14-1.

Shifting the HI measurement point to 5 km downstream, "AE at 5km" curve in Figure
14-1, causes a shift of the HI curve to slightly later times due to the additional travel
time required. The HI magnitude is also lowered by a factor of approximately 101 due
to additional dilution caused by dispersion in the SZ. Separate calculations presented
in Section 7 suggest that the HI would be reduced another order of magnitude due to
dispersion if the measurement point were moved to 20 km downstream. Thus, this
model assumes there are approximately six orders of magnitude reduction in the HI
due to dilution between the EBS boundary and a measurement point 20 km
downstream. Discussion in Section 7 suggests that the distribution of these six orders of
magnitude between the UZ and SZ may be different than the way it has been modeled
in ILMARC, but the total dilution factor of approximately 106 is still reasonable.

The last set of FEPs considered, "Dose from All Pathways", raises the HI. This is
because the agricultural pathways in the assumed biosphere provide more dose than
simply the drinking water pathway used in all the previous FEPs. For Tc-99, the HI
increases by roughly a factor of 20 when all pathways are considered.

Table 14-1 provides a summary of the Hazard Reduction factors (HR) for Tc-99 at both
10,000 years and at the time of peak HI (whenever the peak occurs). This table suggests
that the total hazard reduction is approximately 11 to 13 orders of magnitude, and that
several "engineered" and "natural" features contribute to this hazard reduction. The
range of Hazard Reduction factors shown for the "engineered" and "natural" FEPs
toward the bottom of the table are determined by assuming the hazard reduction to
those FEPs that are a combination of engineered and natural are either all engineered or
all natural. The HI is increased by an order of magnitude when one considers all the
other biosphere exposure pathways rather than just the drinking water pathway.
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Table 14-1
Hazard Reduction Factors for Tc-9

At 10,000 At Time Time of "Engineered"
Years of Peak Peak [yrj FEPs or "Natural"?

101 101 2000 10% of repository wet both

104 104 3000 10,000 year alteration time both

100 100 3000 Moderate solubility natural

10o- 10- 10,000 Containers fail overtime mostly engineered

100 10o 10,000 Backfil!/CP sorption mostly engineered

104 104 10,000 Volumetric flow rate mostly engineered

o-1/2 101/2 30,000 AE at repository footprint natural

100 100 30,000 UZ/SZ moderate retardation natural

10.2 1 OIPL 30,000 Accessible environment at 5 km natural

1W0S lo-It Total Hazard Reduction

le'° 1df'° Hazard reduction due to "engineered" features

lo" lo Hazard reduction due to "natural features

101 101 Hazard Oreduction" (i.e., increase) due to all pathways

1-129 (Figure 14-2)

Figure 14-2 shows the Hazard Indices for 1-129, another of the three most dominant
radionuclides in the integrated case (Figure 9-2). Like Tc-99, 1-129 has a relatively high
solubility and does not sorb. Thus, the trends in the HI curves for 1-129 are identical to
the trends for Tc-99.
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Figure 14-2
Hazard Index for 1-129.

Se-79 (Figure 14-3)

Figure 14-3 shows the Hazard Indices for Se-79. The IMARC integrated base case
indicates that Se-79 is one of the five most dominant radionuclides over the one million
year analysis period when the dose from all pathways are considered. Se-79 also has a
fairly high solubility as evidenced by the fact that the "10,000 yr Alteration Time" and
"Moderate Solubility" curves lie on top of each other. However, selenium sorbs slightly
on tuff, so is retarded with respect to a conservative species like I-129. This is most
easily seen by noting the delay in the HI peak for the `UZ/SZ Moderate Retardation"
curve compared to the "AE at Repository Footprint" curve, where retardation was not
considered. When retardation is considered, the HI at 5km does not peak until
approximately 200,000 years.

The most notable aspect of the Se-79 HI curves is the large increase in the HI due to
"Dose from All Pathways". For Se-79, the dose from all pathways is 5500 times larger
than the dose from the drinking water pathway alone (see Table 8-5). This
demonstrates the importance of considering a range of exposure pathways in the
biosphere when determining the most important radionuclides.

Table 14-2 shows the Hazard Reduction for Se-79. As for Tc-99, the hazard reduction is
significant (12 to 15 orders of magnitude), and is due to a combination of "engineered"
and "natural" FEPs. However, for Se-79, the HI increase when one considers all the
biosphere pathways is significant.
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Figure 14-3
Hazard Index for Se-79

Table 14-2
Hazard Reduction Factors for Se-79
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10% of repository wet both
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Np-237 (Figure 14-4)

Np-237 behaves significantly differently than the three radionuclides discussed
previously. It is solubility- rather than alteration rate-limited3 and sorbs moderately on
both corrosion products and tuff. The solubility limitation of Np can be seen in Figure
14-4 by noting that the HI curve for "Moderate Solubility" is lowered by about two
orders of magnitude from the "10,000 yr Alteration Time" curve. For the particular
combination of solubility limit and flow rate through the containers chosen, it takes
approximately 400,000 years to completely dissolve the entire Np-237 inventory.
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Figure 14-4

Hazard Index for Np-237

The impact in HI reduction due to distributed container failures ("Containers Fail over
Time" curve in Figure 14-4) is shown to be significantly time-dependent. At 2,000 years,
the HI is reduced by about three orders of magnitude; at the time of the peak Np-237
HI, 300,000 years, the benefit of distributed container failure has dropped to much less
than a factor of ten. This is to be expected for a solubility-limited species like
neptunium where it takes roughly 400,000 years to completely dissolve after the
container hasfailed. Thus, the Np-237 HI is directly proportional to the fraction of the
containers that have failed since even the earliest containers that failed are still assumed
to be dissolving Np-237 at 300,000 years.

3 Neptunium is generally solubility-limited, as is the case in this particular scenario. However, for a few of the cases
considered in the full IMARC analyses, "high" Np solubility limit, and 40,000 year matrix alteration times,
neptunium becomes alteration rate-limited.
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Because neptunium sorbs moderately well to both corrosion products and tuff, the dose
reduction due to corrosion products and the small amount of tuff considered part of the
EBS provides a HI reduction of about a factor of 10 for nearly 300,000 years. The
reasons why the benefit lasts so long is explored in Appendix B.

Moving the point at which the HI is determined out to the edge of the repository
footprint ("AE at Repository Footprint") only delays the time of the Np-237 arrival by a
few thousand years, and has only a minor effect on reducing the peak of the HI. It is
only when sorption of neptunium on the UZ and SZ tuffs is considered ("UZ/SZ
Moderate Retardation" curve in Figure 14-4) does the Np-237 arrival time get
significantly delayed. Even then, the HI peak value is not reduced much.

Moving the HI estimate point to 5 km ("AE at 5 kmn) further delays the arrival of the
Np-237 peak, and lowers its magnitude by an order of magnitude. Including all
pathways with the drinking water pathway increases the HI by a factor of five.

Table 14-3 provides a summary of the Np-237 Hazard Reductions.

Table 14-3
Hazard Reduction Factors for Np-237

At 10,000 At Time Time of "Engineered"
Years of Peak Peak [yr] FEPs or UNatural"?

10' 10' 2000 10%/6ofrepositorywet both

104 104 3000 10,000 year alteration time both

1o0 10' 10,000 Moderate solubility natural

10- 141M 300,000 Containers fail over time mostly engineered

10-' 104 1,000,000 BackfiIVCP sorption mostly engineered

10' 104 1,000,000 Volumetric flow rate mostly engineered

1 0-' 10 0 1,000,000 AE at repository footprint natural

NA, large 10-' 1,000,000 UZ/SZ moderate retardation natural

NA 10-' 1,000,000 Accessible environment at 5 km natural

NA 1-"' Total Hazard Reduction

NA lo" Hazard reduction due to lengineered" features

NA 1O'j Hazard reduction due to Inaturarlfeatures

le47 10- Hazard "reduction (i.e., increase) due to all pathways

Note: 'NA' means the values were well below the scale presented on Figure 14-4 such that the HI at
10,000 years is very small.
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U-233 (Figure 14-5)

U-233 is both a daughter of Np-237 and has some initial small inventory. The rising
curves in Figure 14-5 show that U-233 is "growing in" significantly from its parent.
Uranium is solubility-limited. The solubility limit for U-233 is based on "shared"
solubility with the other uranium radionuclides (U-234, 235,236, and 238). Thus, even
though uranium is solubility limited, as will be shown in Figures 14-21 for U-238, the
proportion of the total uranium inventory contributed by U-233 grows with time. Thus,
its "shared" solubility limit grows in time, too.

Since uranium sorbs, and is solubility-limited, as is its parent, Np-237, the FEPs having
to do with solubility limits and sorption are important, as is evidenced in Figure 14-5.
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Figure 14-5
Hazard Index for U-233.
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Th-229 (Figure 14-6)

Th-229 is also a daughter of Np-237 and U-233. The influence of adding the "Moderate
Solubility" FEP in Figure 14-6 for Th-229 is the effect on its parent, Np-237.

Thorium has a high sorption coefficient on both corrosion products and tuff. This is
shown by the significant HI reduction when "Backfill/CP sorption" is added. HI
reductions are one to two orders of magnitude. It is also shown by the increase in the HI
when one moves the measurement point to the repository foot print (compare the
"Volumetric Flow Rate" and "AE at Repository Footprint" curves in Figure 14-6). This
is due to the fact that most of the Th-229 inside the container remains sorbed on the
corrosion products and any backfill, while its parent, Np-237, with a much lower
sorption coefficient for backfill and tuff, is able to make it through the corrosion
product/backfill layers in significant quantities. Since the UZ/SZ transport module
within JMARC calculates daughter ingrowth during transport it is possible to see the
Th-229 HI contribution due to ingrowth from Np-237 during UZ/SZ transport.
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Figure 14-6
Hazard Index for Th-229.
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U-235 (Figure 14-7)

The HI plots for U-235 is shown in Figure 14-7. As can be seen in this figure, uranium is
only slightly soluble and sorbing. Thus, the Hazard Index drops below scale after only
about half of the FEPs have been added.
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Figure 14-7
Hazard Index for U-235.
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Pa-231/Ac-227 (Figure 14-8)

These two radionuclides are daughters of U-235. Ac-227 is considered to be in secular
equilibrium with its parent, Pa-231. This figure provides a clear example of how the
daughter is more important that the parent in contributing to the hazard. One
interesting feature of this figure is that the HI actually increases slightly when the
"Moderate Solubility" FEP is added. This is because when a solubility limit is applied
to its parent, U-235, more of the U-235 is kept in the container to be decayed into Pa-
231/Ac-227. Thus, the source term for Pa-231/Ac-227 effectively increases.

UP3 104 105 106

Time (years)

Figure 14-8
Hazard Index for Pa-231/Ac-227.
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Ra-226 (Figure 14-9)

Ra-226 is produced via two different decay chains. It is likely to be solubility-limited by
one of its parents, producing the behavior shown for "10,000 yr Alteration Time" and
"Moderate Solubility". The non drinking water pathways contribute almost 100 times
more to the HI than the drinking water pathway alone.
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Figure 14-9
Hazard Index for Ra-226.
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Hazard Index Summed for 22 Radionuclides (Figure 14-10)

Figure 14-10 shows the HI curves for the summed contribution of the 22 most important
radionuclides to dose. The most important of the 22 were shown in Figures 14-1
through 14-9. The relative magnitude of the hazard reduction caused by adding each
set of FEPs in succession shows significant time dependence for many of the FEPs. This
is to be expected as the radionuclides dominating the total HI change with time.

Time (years)

Figure 14-10
Hazard Index for 22 Radionuclides.

This figure shows that the initial HI is approximately 1017 millirem. The three
radionuclides contributing the most to the total initial HI are Pu-239, Pu-240, and Am-
241. Thus, all FEPs will need to reduce this initial H4Dt by a factor of 1015 to 1016 to meet
regulatory limits in the 101 to 102 mrem/yr range.

As in all of the previous figures, the "10% of Repository Wet" and "10,000 yr Alteration
Time' curves lower the total HI by factors of 10 and 104, respectively. Adding
"moderate solubility" lowers the HI by about 103 at early times. The HI reduction
benefit derived from distributed container failure is seen to diminish from about three
orders of magnitude at 2,000 years to near zero at one million years. Corrosion
product/backfill sorption is also seen to increase in importance at longer times since the
actinides sorb more than Tc-99 and 1-129 that contribute the most to the HI at earlier
times.
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Table 14-4 provides the Hazard Reduction factors for the 22 radionuclide case. As in
the previous figures, many FEPs help to reduce the Hazard Index. At least several
orders of magnitude HI reduction are contributed by both "engineered" and "natural"
FEPs.

Table 14-4
Hazard Reduction Factors for 22 radlonuclides

10,000 At Time Time of
Years of Peak Peak [yr]

"Engineered"
or "Natural"?FEPs

101 10' 2000

104 104

102 i W

3000

3000

10% of repository wet

10,000 year alteration time

Moderate solubility

both

both

natural

101-

104

1 o-1,

10-0

10-°
10-2

104

1 o-t/4

1 own

1,000,000 Containers fail over time

1,000,000 Backfill/CP sorption

1,000,000 Volumetric flow rate

1,000,000 AE at repository footprint

1,000,000 UZtSZ moderate retardation

mostly engineered

mostly engineered

mostly engineered

natural

natural

101- 10-1 1,000,000 Accessible environment at 5 km natural

10'X'5 1015 Total Hazard Reduction

11fS 10tfi Hazard reduction due to "engineeredc features

1H lo"1 Hazard reduction due to "natural features

10. 10.1 300,000 Hazard "reduction' (i.e., increase) due to all pathways

If the non drinking water pathways are induded:

-10-l HR due to non drinking water pathways w.r.t. the drinking water
pathway only (actually a HI increase of -10)

14.4.3 Additional radionuclide Hazard Indices (Figures 14-11 through 14-23)

Figures 14-11 through 14-23 provide Hazard Index plots for a variety of additional
radionuclides. Of note are the Pu-239, and Pu-240 Hazard Indices. These two have
extremely high starting Hazard Indices but, due to assumed low solubilities and high
sorption potential, provide a tiny fraction of the total HI. Thus, it is important to
confirm that plutonium solubilities are low and sorption is high. Other FEPs not
considered here, like colloidal plutonium formation that may act to increase the
apparent solubility by orders of magnitude, must be shown to be unimportant.
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Figure 14-11
Hazard Index for Pu-239.
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Figure 14-12
Hazard Index for Am-241.
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Figure 14-13
Hazard Index for Zr-93.
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Hazard Index for Nb-94.
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Figure 14-15
Hazard Index for Sn-126.
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Figure 14-16
Hazard Index for Cs-1 35.
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Figure 14-17
Hazard Index for Pu-240.
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Figure 14-18
Hazard Index for U-236.
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Figure 14-19
Hazard Index for Th-232.
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Figure 14-20
Hazard Index for Pu-242.
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Hazard Index for U238.
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Figure 14-22
Hazard Index for U-234.
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Figure 14-23
Hazard Index for Th-230.

14.5 Insights from the Hazard Index Analyses

This Hazard Index exercise suggests that there are multiple contributions to the
reduction in the potential hazard due to disposal of spent fuel at Yucca Mountain.
Many "natural" and "engineered" features contribute to this hazard reduction - not just
one or two.

The contributions from individual FEPs cannot always be separated since many of them
act in concert. For example, it is a combination of the natural features of the rock
beneath Yucca Mountain acting in concert with the "engineered' features (choice of
repository location w.r.t. natural fractures and faults, container sizes and distributions)
that are considered to cause only 10% of the disposed spent fuel to be contacted by
water.

This type of analysis needs to be extended to additional IMARC "branches" (scenarios)
to assure that the choice of parameters have not skewed the above conclusions. By
applying a probabilistic treatment, it may be possible to determine ranges of Hazard
Reduction factors for each of the FEPs considered above.
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15
ALTERNATIVE INDICATORS OF PERFORMANCE: USE

OF RADIONUCLIDE FLUXES, CONCENTRATIONS AND

RELATIVE RADIOTOXICITY INDICES AS

ALTERNATIVE MEASURES OF SAFETY (P. SALTER, M.

APTED, AND G. SMITH)

15.1 Introduction

Safety criteria based on radiation risk and dose limitations are generally accepted as the
primary basis for evaluating the acceptability of high-level radioactive waste
repositories. The general criteria to be met are that the level of safety for future
generations should be the same as that provided for the current generation. However,
due to the long time periods over which repository safety performance must be
evaluated, it is difficult to predict risks or doses to future individuals with any degree of
reasonable certainty. This is due to the assumptions that must be made about such
factors as the future performance of the waste form, engineered barriers, and
geohydrologic system, and future biospheric conditions and human behavior /
lifestyles. Thus, any long-term quantitative dose or health risk analyses must be
considered "indicators", rather than "predictions" of future repository performance -
even if the dose or health risk indicators are used in a formal compliance assessment.
Therefore, it is often proposed that dose and risk estimates be supplemented with other
types of safety indicators which rely less on assumptions about future conditions.

The IAEA Working Group on Principles and Criteria for Radioactive Waste Disposal
recently discussed various safety indicators, addressing also their suitability for use in
different time frames [LAEA, 1994]. An important conclusion of that report is:

The long term safety case can be made most effectively by the combined use of
several safety indicators, such as risk, dose, environmental concentration, biospheric
flux, flux through barriers and time.....
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Conventional safety assessment calculations limited to simply dose or health risk
estimates that rely on assumptions of future human behavior may become
progressively less convincing. The IAEA Working Group report goes on to say in this
respect that, although risk and dose remain the most fundamental safety indicators,
other indicators may be particularly valuable when they are supported by observations
from natural analogues, especially at extremely long time scales.

The IAEA [1994; 1998] has identified four potential alternative or complementary
indicators for evaluating the safety of a high level radioactive waste repository: fluxes
through barriers and the biosphere, radioelement concentrations, radiotoxicity, and
time (transfer or isolation times of barriers). The first three potential safety indicators
are briefly discussed in the following sections. Time is discussed as part of
radiotoxicity.

It is important to distinguish between a safety "indicator" and a regulatory "constraint"
or "limit." Safety "indicators" in this section can be used to provide additional scientific
or regulatory insight. They are NOT recommended for use as strict regulatory limits
such that a repository is rejected because a certain flux or concentration is exceeded (or
accepted because the flux/concentration limit was met). This is because most of the
alternative indicators provide an indication of subsystem (rather than total system)
performance. Despite its shortcomings, a regulatory "limit" or "constraint" based on
doses or health risks to humans provides an appropriate measure of total system
performance with other indicators used to supplement the results by providing
supportive evidence. It is total system performance, rather than subsystem
performance, that should form the primary basis for the regulatory decision.

15.2 Fluxes as Safety Indicators

One promising approach is to compare fluxes (or concentrations) of radionuclides
released from a repository against the corresponding values of naturally occurring
radionuclides. Naturally occurring fluxes would constitute a reference baseline for
evaluating the repository-derived fluxes, thus provides an alternative indicator of long-
term safety. A fundamental purpose of this comparison is to assess whether the
repository fluxes are a small proportion of the natural fluxes for either a "generic" site,
or the same repository site.

An advantage to making such a comparison is that both technical and non-technical
audiences can judge the relative, long-term impact of a deep geological repository. The
need to assume present-day human activities continue unchanged over hundreds of
thousands of years becomes moot for such a comparison. Also, scenarios of possible
future events (e.g., regional volcanism) or gradual changes in site conditions (e.g.,
climate change) can be used to re-normalize calculated fluxes (or concentrations) for
both naturally occurring and repository-derived radionuclides.
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15.2.1 Methodology

There are two basic ways in which the flux comparisons could be carried out one site
specific and the other generic.

The generic approach would involve comparing the repository-derived fluxes with
typical ranges of fluxes of naturally occurring radionuclides and other chemotoxic
elements known to exist in the repository. In practice this would imply determining
fluxes, which could be independently judged to be safe, for a variety of geological
situations and environmental conditions.

The objective of these broad generic assessments would be to define typical values,
ranges and variability of fluxes. The rationale for broadening so considerably the
perspective on fluxes would be to allow more generally meaningful comparisons for
repository derived fluxes. It would also avoid misleading inferences about the safety of
the system attributable to, for example, the location of the repository in an area
characterized by anomalous environmental features. But in order to be most useful,
these generic fluxes would probably have to be contrasted with local, site-specific
fluxes.

In the site-specific approach, repository-derived fluxes calculated in safety assessments
would be compared with fluxes of naturally occurring radionuclides and other toxic
substances. A representative system volume must be defined, as well as the surface
area through which the integrated repository flux would cross (e.g., the underlying area
of a repository "foot print" at Yucca Mountain). If repository-derived fluxes are
calculated to be lower than site-specific natural fluxes, it would be logical to conclude
that the repository would not alter appreciably the quality of the natural environment
at the site. Examples of the implementation of this approach already exist [IAEA, 1994;
Miller and Smith, 1994].

The following section describes in more detail these two approaches to naturally
derived fluxes.

15.2.2 Generic assessment of fluxes

Average fluxes and concentrations of naturally occurring radionuclides (and toxic
elements) in surface and near-surface materials are relatively well known for a wide
range of different environmental conditions and geographical settings [Rosler and
Lange, 1972; Fairbridge, 1972; Wedepohl,1978; Thornton, 1983]. The geochemical
database on naturally occurring radioactive elements is particularly well-developed
[Fairbridge, 1972; IAEA, 1990; LAEA, 19971.

Data on natural radiation exposures compiled by UNSCEAR indicate that the
worldwide average annual effective dose from intakes of "K, uranium, thorium and

15-3



Alternative Indicators of Performance: Use of radionuclide fluxes, concentrations and relative radiotoxicity indices
as alternative measures of sadety (P. Salter, M. Apted, and ;. Smith)

their decay products, excluding radon, is about 0.32 mSv [UNSCEAR, 1996]. This
includes all sources and pathways. Most of the dose from internal exposure is due to
ingestion in water and foodstuff. Only a small fraction is due to inhalation. The
average annual background dose from potassium, uranium and thorium, that results
from their worldwide average fluxes and resulting environmental concentrations, thus
is about 30% of the dose limit of 1 mSv for all controlled sources combined, and is
comparable to the dose constraint that has been applied to waste repositories in some
countries.

It is suggested that the average natural fluxes and concentrations would provide a
reasonable benchmark for determining values that are inherently safe. This is based on
the known relationship between levels of naturally occurring radionuclides and doses
to humans. The fluxes (or concentrations) of waste-derived radionuclides calculated in
a performance assessment for a repository could be compared with these average
natural values, providing an indicator of the potential impact of the disposal system.

This approach must be applied flexibly, rather than as a fixed set of numerical criteria
that would be applied in all cases based only on worldwide average natural fluxes and
concentrations. Flexibility is required because the fluxes and concentrations of
naturally occurring radionuclides and the doses resulting from their ingestion vary
considerably with geographical location.

15.2.3 Site-specific assessment of fluxes

An alternative option to considering the large-scale fluxes described above is to
compare the repository derived fluxes/concentrations provided by safety assessment
calculations with the observed (measured) values occurring at the same site, or in the
same general locality, as the proposed repository.

The advantage of this methodology is that the most direct comparisons are made, since
it should be possible to compare natural and repository fluxes in the same rock and
water compartments, crossing the same geological boundaries and under the exact
same physico-chemical conditions. On this basis, reliable evaluations could be made of
the impact of the repository-derived releases on the natural geochemical system.

Site-specific comparisons between natural and repository derived fluxes should be
possible to a greater level of detail than comparisons with natural fluxes at other
locations because it is probable that the repository site characterization program will
provide much more detailed physical and chemical information for the site than are
available for other locations. However, if site characterization data were not yet
available or were incomplete, it might be justifiable to use proxy data from other
locations with similar geology and surface conditions for the comparison of natural
fluxes, such as data derived from relevant underground research laboratories (IJRLs).
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A further possible refinement to the methodology would be to scale the natural fluxes
calculated for the repository site from unit area/volume values to the geometry and
dimensions of the proposed repository. In other words, to calculate the natural fluxes
derived from the volume of rock that would hold the proposed repository. In fact, this
methodology was adopted for the flux calculations mentioned above for the Aspo site
using the concept of the Repository Equivalent Rock Volume (RERV). The advantage of
scaling the natural elemental and radioactive fluxes to the dimensions of the RERV is
that it allows exact comparisons to be made between the radiological impact of the
repository releases and the radiological impact of the volume of rock that the repository
replaces.

15.2.4 Case study for site-specific fluxes: Aspa, Sweden

Calculation of site specific fluxes requires detailed geological and geochemical data and
an understanding of the dominant geological processes operating in the vicinity of the
repository site. Based on extended underground rock laboratory (URL) investigations
for the Aspo crystalline rock site located along the coast of Sweden, such a site-specific
calculation of natural fluxes has been conducted [Miller et al., 1996; Miller et al., 1997].

For the Aspo site, the most important processes reflect the predicted glaciations that
will occur intermittently over the next 250 000 years and beyond. The most important
processes with respect to mobilization of naturally occurring radionuclides are
groundwater transport; glacial erosion, and non-glacial erosion (weathering). It should
be noted that different processes are expected to dominate at different times in the
glacial cycle.

The elements and radionuclides considered in the Aspb assessment [Miller et al., 1996;
Miller et al., 1997] are divided into two groups. The first group are those elements with
naturally occurring, long-lived isotopes that, hence, are most relevant to radioactive
waste disposal (U, Th, Ra, Cs, K and Rb). The second group are those elements most
relevant to toxic waste disposal (Cd, Cu, As, Zn and Pb). Of course, several elements
can be considered in both groups because they exhibit both radiotoxic and chemotoxic
hazards, e.g. U. Both U and Th are included in the assessment because these elements
and their respective decay chains provide the important naturally-occurring long-lived
alpha-emitting radionuclides.

These elements can be mobilized and released into the biosphere in groundwater, or
they may be released in solid material by erosion of the surface geosphere. Some of the
shorter-lived radionuclides in the decay chains are important contributors to natural
radiation doses, (e.g. 'Pb). However, their significance is governed by processes
within the biosphere rather than by the flux of these daughters from the geosphere.
Therefore, the Aspo study Miller et al., 1996; Miller et al., 1997] concentrates on the
fluxes of only long-lived radionuclides, namely 'U, 234U, ITh, mRa, MU, m'Pa and PIETh.
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In addition, K and Rb are considered because two of their isotopes, 4K and 'Rb, are
among the most important naturally-occurring non-alpha emitters and are important
contributors to natural radiation doses. Gaseous transport is not considered in the Aspo
study because the effect on radiation doses of the most important gaseous natural
alpha-emitter, tmRn, is strongly dependent on the design features of buildings and their
foundations.

For all of the flux calculations in the Aspo study, two types of site-specific data are
required: elemental concentration data for materials such as rocks and groundwaters
and rate constant data for processes such as glacial erosion, non-glacial erosion
(weathering) and groundwater flow. Some of the data used are Asp6-specific. Other
data are not site-specific because either the particular parameter was not measured as
part of the Aspo site characterization or because the parameter is not amenable to point
measurements in either space or time (e.g. erosion rates).

There is also the need to consider repository-design specific data. In order to present
the natural fluxes in a format that makes them directly comparable to performance
assessment calculations of repository releases to the biosphere, the calculated fluxes
(Miller et al., 1996; Miller et al., 1997] are scaled to the volume that would hold a
Swedish KBS-3 style spent-fuel repository beneath Aspo, i.e., a volume of rock 1.5 km x
1.5 km x 25 m = 5.63 x 102 km3. This is known as the repository equivalent rock volume,
or RERV. The annual elemental fluxes from the RERV is calculated [Miller et al., 1996;
Miller et al., 19971 by combining site-specific rate constants for erosion and
groundwater flow, site-specific rock and groundwater compositions, and the
repository-specific RERV.

Groundwater flux of naturally radionuclides calculated for the Aspo site is perhaps the
most directly relevant to the site conditions at Yucca Mountain. The flux of
radionuclides carried by groundwater at any site is dependent on the groundwater flow
rate and the concentration of radionuclides in the groundwater. Because of the
fractured nature of the rock at the Aspo site, groundwater flow is restricted to
hydraulically-active fractures, with no (or insignificantly low) flow occurring
throughout the bulk of the rock mass. This conceptual model is broadly comparable to
that of episodic fracture flow at Yucca Mountain. Given that a flux is defined as mass
per unit cross-sectional area per unit time, the Asp6 study [Miller et al., 1996; Miller et
al., 1997] assumes that the fractured crystalline rock is acting as a porous medium and
to calculate the average elemental fluxes using a bulk groundwater flow rate for the
whole rock. Again, a broadly comparable conceptual model would be relevant to Yucca
Mountain, with the added advantage that the downward direction of gravity-controlled
flow at Yucca Mountain sets a well-defined "footprint" area for such fluxes.

The Asp6 study [Miller et al., 1996; Miller et al., 19971 also considers the time-dependent
variation in groundwater flow attributable to glacial cycles and ice sheet advancements
and retreats across the Aspo site. Although glacial melt waters is not a likely scenario
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for Yucca Mountain, future climate change will likely lead to changes in infiltration
rates through a repository sited at Yucca Mountain, with consequent changes in
predicted radionuclide fluxes. Indeed, this is a key advantage to comparing both
calculated fluxes of naturally occurring radionuclides with repository-derived fluxes on
a site-specific basis. Any scenario assumptions regarding changes in future infiltration
rates (or groundwater chemistry, or change in fracture properties) can be used to re-
normalize both calculated fluxes.

For the Asp6 site, glacial erosion is calculated to have the largest associated fluxes, but
such releases are restricted in space. While glacial erosion is not anticipated for Yucca
Mountain, this result does raise the issue of how the relevant natural flux should be
defined. Events or cycles of events can lead to significantly higher natural fluxes than
the time-averaged fluxes (and these same events or cycle of events may also
temporarily increase repository-derived fluxes). It is not dear whether time-averaged
fluxes or peak fluxes should be used to compare with repository performance.

Sub-aerial erosion (weathering) is also considered in the Asp6 study [Miller et al., 1996;
Miller et al, 1997]. Weathering occurs as the result of two processes; mechanical
breakdown and chemical decomposition. Mechanical breakdown of rocks can result
from the removal of an overlying load, expansion and contraction of the rock due to
changes in temperature, heat from fires or the activities of plants and animals.
Chemical weathering or decomposition of rocks is due to complete or partial chemical
reaction between some or all of the minerals in the rock matrix and rain or surface
waters which are often mildly acidic and strongly oxidizing. Chemical and mechanical
weathering processes may occur independently of each other but it is common for both
processes to be coupled. Climate is the principal factor that controls coupling and the
relative importance of each process.

The Aspo study Miller et al, 1996; Miller et al., 1997] results indicate that the relative
magnitudes of the fluxes are:

glacial > sub-aerial erosion > groundwater transport.

Although the order is the same for each radionuclide, the relative differences between
the fluxes vary for certain radionuclides vary in proportion to their different abundance
in crystalline rock and groundwater from the site. The authors note in the Asp8 study
[Miller et al., 1996; Miller et al., 19971 that the largest flux, glacial erosion, may not be
considered significant because of the low bioavailability of these fluxes. On the other
hand, groundwater transport represents the smallest magnitude flux but the one that
presents material in a form most readily available to the human body. Groundwater
transport is also the pathway most similar to that of calculated repository fluxes from
Yucca Mountain.
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15.2.5 Site-specific fluxes at Yucca Mountain.

The methodology and results presented for the Aspo study present a clear and readily
achievable basis for deriving similar estimates of fluxes for naturally occurring
radionuclides at the Yucca Mountain site. Quality-assured data, with suitable
references, regarding rate constants for erosion and groundwater flow, rock and
groundwater compositions, and the RERV for the reference repository design at Yucca
Mountain are now being compiled. There are, in addition, additional site-specific
features of the Yucca Mountain site that are different than the Aspo site that must be
considered prior to final derivation of site-specific fluxes for Yucca Mountain.

15.2.6 Open Issues

There are issues, however, in using geochemical flux data as supplemental indicators
for assessing the safety of repositories. These issues relate to the man-made nature of
key radionuclides in nuclear waste, the definition (site-specific or generic) of the natural
system to be compared to a nuclear-waste repository, the definition of the spatial
interfaces and temporal periods across which to measure the fluxes, and the
appropriate mobilization processes to integrate when calculating naturally occurring
fluxes.

With respect to the first issue, exact comparison of activity concentrations or fluxes is
not possible in cases where radionuclides produced in nuclear reactors lack similar
natural counterparts in easily measurable amounts. Examples include long-lived
nuclides, such as s'Ni, "Tc, 'I, 'Cs, and WNp. For alpha-emitting nuclides, a direct
comparison of their activity values with those of the same or similar natural alpha
emitters may be reasonable, considering also that the biological availability of the
compared nuclides is probably similar. Two approaches have been suggested for the
radionuclides without a natural counterpart. One idea is to make the conservative
assumption that the artificial radionuclides have the same radiotoxicity as the naturally
occurring alpha emitters. Another possibility is to make the comparisons based on
fluxes of radiotoxicity potential, e.g., as given by the quotient between a concentration
(in Bq/L) and the respective value of annual limit of intake (ALI) as specified by ICRP
[ICRP, 1991L as discussed in Section 15.4. In both approaches, the issue of the
differences in biological availability of the different nuclides must also be addressed
and considered in the assessment.

A second issue is identification of a reference natural system to be used as reference.
On one hand, the natural values at the specific repository site are the logical references.
This approach aims to ensure that the presence of a repository will not cause
environmental radioactivity to increase significantly above the natural level. The
question of the exact dimensions of what constitutes the "site" must be resolved,
however. Arbitrarily increasing the size of the "site" will lead to a larger impact from
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area-integration of fluxes. The RERV concept may be useful in this regard (Miller at al.,
1997).

The definition of spatial interfaces and temporal boundaries arises because of the
heterogeneity of natural systems. Hence, the variability of fluxes over time and space is
a third issues that must be addressed. Of particular difficulty is calculating the fluxes
crossing from the geosphere into the biosphere. This difficulty is partly because of the
conceptual fuzziness in the location, relevant processes and properties of this interface,
and partly because of generally poor characterization of such an interface even from
detailed site characterization studies, such as Yucca Mountain. Also at issue are time-
dependent processes and rapid variation in site conditions that may lead to high fluxes
on a localized and short-duration basis (e.g., glaciation, climate change). The form of
the migrating radionuclides (or chemically toxic components) may also differ, with a
strong impact on bioavailability. In this case, chemical form of a particular radionuclide
may be far more significant than the magnitude of its flux.

Lastly, there are a variety of possible processes and pathways for naturally occurring
and repository-derived radionuclides to reach the accessible environment. For
naturally occurring radionuclides, erosion with both water-borne and wind-borne
dispersal may dominate calculated fluxes, whereas groundwater transport is the
dominant migration pathways expected for radionuclides at a site such as Yucca
Mountain. Inclusion of all processes and pathways may allow placement of natural
fluxes at a specific repository location into the context of global geochemical fluxes.
This consideration could result in an increase in the reference values deemed to be
inherently safe based on measurements on natural systems.

15.3 Environmental Concentrations as Safety Indicators

The idea behind using environmental concentrations as a safety indicator is to avoid
direct assessment of doses and risks and actual (human) health impacts, which are
arguably too difficult to assess because of uncertainties in human behavior over the
timeframe of interest. Instead, the distributions of radionuclides in the (surface)
environment due to releases from the repository are calculated and the values
compared with natural levels of radioactivity. Since we know the concentrations and
the radiological impact of the natural radionuclides, e.g., as summarized in UNSCEAR
[1993], we can then infer the impact of the repository derived radionudlides.

There are a number of difficulties with this approach which are discussed below. Many
of these difficulties are the same as those identified for flux comparisons in Section 15.2:

Naturally occurring radionuclides do not exist for all radionuclides present in the
repository; for example, Tc-99 does not occur naturally which makes direct
comparisons impossible. Comparison then requires some type of
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radionuclide/radiologic equivalence assessment to be made based on chemistry and
radiation factors, such as types of emissions and half-lives.

Even for radionuclides that occur in nature and are present in the repository, there is
the possibility that they may be entering the surface environment in a different
chemical or physical form, thus affecting their specific impacts.

* The uncertainties in human behavior avoided by using concentrations instead of
doses also affect the surface environment itself, thus affecting the concentrations.

* The range of environments which can be considered for the natural levels and the
corresponding impacts on humans in those areas can be measured today; thus the
potential for the range to arise from the repository radionuclides can be inferred.
However, this should not be done on a gross basis. Individual radionuclides should
be considered on a case by case basis.

• There is considerable confusion about natural background activity levels and natural
background doses; to a degree, there is no such thing as natural background because
it is significantly moderated by human activity; it is too readily assumed that dose is
proportional to activity, even though some radionuclides are thousands of times
more radiotoxic than others, on a per Bq basis; and when external irradiation is
taken into account, there are cosmic ray contributions not related to activity levels at
all.

* There are difficulties in selecting relevant areas or volumes to average over, both in
determining the relevant natural background concentrations and in calculating the
repository derived concentrations; certainly, comparisons should be made between
like quantities determined on a similar basis, if the comparison is not to be ridiculed.
Essentially, this is the parallel of the exposure group definition problem. The most
reasonable approach here is to consider a range of possibilities for the repository
radionuclide averaging, corresponding to the scale of variability of natural
radionuclides observed in nature.

These difficulties may be addressed to some degree by going further into the technical
detail and avoiding overly gross simplifications. The advantage is that the technical
detail is tractable, and not so dependent on long term assumptions for human behavior
as is dose and risk assessment. For example, the particular media of interest can be
selected on the basis of experience of relevance to radiation exposure: particular soil
types, and/or particular foodstuffs and/or particular groundwaters. Annex A of
UNSCEAR [19931 provides a wealth of data and references for the long-lived natural
alpha emitters, as well as their short-lived daughters, and for the other primordial
radionuclides (notably K40 and Rb-87) and for cosmogenic radionuclides such as C-14.
Ranges of data are provided as well as more common values in particular areas. Thus
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the range of possibilities can be explored as well as more specific situations, if our
knowledge of the repository situation is more specific.

UNSCEAR [1993] also provides ranges of doses arising from the concentrations referred
above. Thus when proper account is taken of the specifics of the situation under
investigation (repository radionuclides of interest, site and region data), an idea of the
radiological impact arising from adopting a particular standard can be inferred. These
inferences can be used to support or defend detailed dose calculations, at least
demonstrating, for example, that appropriately cautious assumptions have been made
in the dose assessment.

A number of agencies have considered comparison with background as a relevant
indicator, e.g., Environment Agency et al 11997]: "It shall be shown to be unlikely that
radionuclides released from the disposal facility would lead at any time to significant
increases in the levels of radioactivity in the accessible environment". The technical
work to show how such a requirement could be met is largely covered by previous
work on radionuclide distribution, both repository derived and natural. However,
regulatory experience and interpretation necessary to demonstrate compliance with
such a requirement, is not so well developed, neither nationally nor internationally.

In summary, natural concentrations may form a basis for an indicator and support the
veracity of the more uncertain indicators such as dose and risk. They should not be
based on gross activity comparisons, but on comparison of individual radionuclides.
This means technical development of appropriate analogues for specific situations, if
the repository radionuclide does not exist in nature. Concentration comparisons,
therefore, should be seen only as a simple indicator as they still need full technical
justification if they are not to be misused.

15.4 Radiotoxicity as a Safety Indicator

Radiotoxicity indices have been used as an indicator of inherent hazard associated with
high-level radioactive waste since the 1970s [Hamstra, 1975; Cohen, 1977; Wick and
Cloninger, 1980; LAEA, 1994; Kane & Hill, 1995]. It is based on the fact that the origin of
the radiological risk of the repository is the radioactivity of the waste itself and that this
risk or hazard potential can be simply expressed by the total activity or inventory of the
waste in the repository. Converting the radioactivity to a radiotoxicity provides an
estimate of the intrinsic hazard of the waste. This is usually done by calculating ratios
between the inventories of the various radionuclides and some measure of specific
radiotoxicity such as ALIs (annual limits of intake by ingestion or inhalation), MPCs
(maximum permissible concentrations (water or air)), MPIs (maximum permissible
intake by ingestion and inhalation), MPBBs (maximum permissible body burden), etc.
These ratios are referred to as hazard indices.
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As radioactivity decays with time, these ratios have been used to indicate the time
needed for the potential hazard associated with the waste to diminish to a relatively
harmless level. For example, in SKI [1990] a safety standard is recommended that
ensures that "radionuclides from a waste repository shall at no time change the
radiation environment of man by more than a small fraction.") Defining what
constitutes a "relatively harmless level" is the difficult aspect of using hazard indices:
what is the appropriate reference value to use? For a high-level radioactive waste
repository, a natural uranium ore body has often been used to establish a reference
value.

Wick and Cloninger [1980] compare the hazard of a HLW repository to a roughly
equivalent ore body 3.8 m thick with an average concentration of 0.16 percent uranium
with an area of 3.13 square miles. The natural deposit is dominated by Ra-226 and its
daughters; uranium is a minor hazard by comparison. Using various assumptions
about U release rates and groundwater travel times, they concluded that a reasonably
constructed repository presented no greater hazard than a large ore deposit. In
NAGRA [1985], the radiotoxicity of a proposed repository is compared to that of an
uranium ore body with 0.2% uranium content 8 m thick and 1.2 km square. This would
correspond to the amount of ore required to produce around 8000 t of enriched fuel. A
comparison is also made to a 2 km3 block of granite with 10 ppm U. An ingestion based
nuclide specific dose conversion factor is used to make the calculations. The toxicity of
the repository falls below that of the ore body and is comparable to the toxicity of the
overlying granite at a time between about 10E5 to 10 E6 years. Liljenzin and Rydberg
[1996] propose using an ore hazard index based on the potential hazard of the amount
of natural ore which contains the same amount of heavy metal as a unit mass of unused
nuclear fuel.' They recommend using 6.1 t of U in ore, the amount needed to produce 1 t
enriched (3.3%) U in fuel at a tailings content of 0.2% U-235. The hazard from the waste
deposit also should be compared with the hazard of a U ore body of the same volume
as the repository, thus the inclusion of the tailings. This necessitates the selection of the
proper grade of U ore. Values from 0.2% U ore to natural U in rock to about 1% U to
pitchblende have bee used. The ore body hazard should also include the hazard from
mining waste or mine tailings, usually between 0.2 and 0.3% U-235. Figure 15-1 shows
the results of such a comparison. The relative toxicity of the repository falls below 1
between about 1000 years and 5 million years, depending upon what toxicity
conversion factor is used.

This is one of five basic hazard reference systems presented and discussed.
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Figure 15-1
Relative ore-based Indices for spent PWR fuel with 3.1% enrichment, 02% tolls and
a burnup of 33 Mwdt. Two MPCOw scales are used, one based on ICRP data and
one based on data from 10 CFR 20B. The ALI scale Is recommended over the other
two. [from Ull

The US NRC [1998] also has used a comparison of the relative toxicity of a radioactive
waste repository to that of a U ore body to establish a basis for appropriate time frames
of concern when evaluating repository performance. Their analysis supports an
approximate 10,000 year cross-over time after which the repository represents a hazard
within a factor of ten of the ore body. The variations in cross over times in the above
examples are due to differences in the reference system used to establish the hazard
index and to the use of different radiological risk conversion factors.

In summary, radiotoxicity hazard indices, based on a reference U-ore body, have been
used to evaluate the hazard or safety of a radioactive waste repository since deep
geologic disposal was first seriously considered. There are several advantages to this
type of safety indicator:
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• they avoid need to make assumptions about future biospheres and demography;

they allow placement of risk in a natural context that may be more easily
understandable by non-technical audiences;

• they can provide a complementary line of reasoning to support dose/risk safety
assessment to strengthen reasonable assurance of safety;

* they are conceptually simple; and

• they can be an indicator of time periods of concern or to show the need to isolate
waste for a certain period of time.

However, it should be noted that hazard indices only indicate hazard potential. They
do not represent actual hazard or risk. That requires detailed analyses of the events
which must occur before exposure to humans can happen. It must take into account the
effects of engineered/natural barriers and geosphere/biosphere transport processes
and pathways to man. Without considering these effects, the hazard index can convey
the erroneous impression that radioelements from nuclear waste can easily reach the
environment at dangerous concentration levels. Other disadvantages of the hazard
index based safety indicator include:

* the need to establish a suitable reference uranium ore (or other natural reference
system) given the wide range of fuel types/burn-up for waste to be deposited in a
repository;

• the need to demonstrate that the two systems (repository and natural ore body)
have similar behavior in the environment with respect to radioelement releases and
transport

* sensitivity to assumptions; and

• the lack of direct natural comparators for artificial nuclides.

Generally, hazard indices should not be used as a primary safety indicator for a
radioactive waste repository. Their primary role at this time appears to be in
supporting the selection of acceptable isolation times for repository waste. However,
radiotoxicity indices, with careful selection of a reference system, may be useful as a
complementary safety indicator supporting the more detailed repository risk
assessments for the evaluation of risks into the very far future where it is difficult to
demonstrate the reliability of such calculations.
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16
THE USE OF INTERACTION MATRICES TO IMPROVE

ASSESSMENT TRANSPARENCY (M. KOZAK AND WEI

ZHOU)

16.1 Introduction

The purpose of this section is to describe and to illustrate the use of Interaction Matrices
in performance assessment. Interaction matrices are often called Rock Engineering
System (RES) matrices because of their origin in rock engineering [Hudson, 19921.
Interaction matrices have been adapted for use in describing interactions among
Features, Events, and Processes (FEPs) in Total System Performance Assessments
(TSPA). Interaction matrices have been applied to several TSPAs internationally, and
have been found to be useful in improving the transparency and traceability of
assumptions and abstractions used in the TSPA. In addition, interaction matrices have
proven to be a useful tool for assisting in auditing the completeness and internal
consistency of assumptions.

In past performance assessments [TRW, 1995; NRC, 1995], and in the U.S. Department
of Energy's current assessment, denoted as TSPA-VA [Van Luik, 1998], efforts have
often focused on improving techniques for tracing original data sources [Ho, 1998].
Improved methods for tracing the abstraction processes that lead to performance
assessment models and associated parameters, and for documenting assumptions in
scenarios and process models in the TSPA, have received less attention. Visual aids,
such as process influence diagrams and interaction matrices, that attempt to improve
these areas, have not received much attention in Yucca Mountain performance
assessments.

Interaction matrices will be introduced in this chapter by describing past efforts in other
waste management programs, by describing the principles by which interaction
matrices are constructed and used, and by providing an illustrative example of two
levels of interaction matrices based on the current EPRI TSPA. These two levels are an
overall system-level matrix and a component matrix showing more detail for the near
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field analysis. The intent here is to provide guidance on the potential utility and
application of interaction matrices in the Yucca Mountain programs of DOE and NRC.

16.2 Use of Interaction Matrices in Radioactive Waste Disposal Programs

Interaction matrices were originally introduced to the EPRI TSPA program by Smith et
al. [1996], in which a biosphere model was developed from general FEP lists associated
with the BIOMOVS [ [19961 program. Relationships were developed between
biosphere models and the associated interaction matrices. The current report provides
a generalization of Smith et al.'s work.

Additional publications on using interaction matrices in radioactive waste management
are found in the international literature. Skagius et al. [1995] applied the interaction
matrix approach to the description of far-field processes associated with a deep
geological repository in Sweden. They concluded that the interaction matrix approach
is feasible to use for both structuring the analysis, and for improving transparency of
the model. Andersson and King-Clayton [1996] evaluated the practicality of using
interaction matrices for the Finnish spent nuclear fuel performance assessment, and
compared their use to the use of process influence diagrams. They concluded that
interaction matrices provide improved transparency of the FEP interactions compared
to process influence diagrams. Salter et al. [1996] applied the interaction matrix
approach to develop and document a conceptual model for the near field of a proposed
TRU waste disposal system in Japan. They found that interaction matrices could be
useful even when expanded to quite large matrix sizes. Masuda et al. [1998] described
the use of an interaction matrix to assist understanding of interactions between
disparate parts of an experimental program for a high-level waste repository. In this
sense, the interaction matrix was used as a management tool to describe relationships of
parts of the program to the overall goal.

16.3 The Interaction Matrix Approach

The interaction matrix approach was introduced by Hudson 11992], for conceptually
managing complex rock engineering system problems. Hudson argued that to ensure
completeness of an analysis, a "top down" approach was needed. That is, by
considering individual features of the system in isolation (a "bottom up" approach), it is
commonplace to omit some interactions between those features. In general, those
omitted interactions may have significant impact of the function of the system as a
whole. In the top down approach, all features of the system are explicitly considered,
and consideration is given to all possible interactions between them. It is only after all
potential interactions are considered that they can begin to be screened and priorities to
be set. Consequently, this approach is conceptually quite similar to approaches
developed in radioactive waste management for developing scenarios from FEPs [e.g.
Cranwell et al., 1990; Chapman et al., 1995]. Indeed, application of interaction matrices
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to radioactive waste management programs can be seen as a direct consequence of the
scenario concepts introduced by Chapman et al. [19951.

The simplest form of interaction matrix represents the interactions between two
features of the system, as shown in Figure 16-1. In a fully coupled system, each feature
can influence the other, and these interactions are represented as shown in the figure.
(Note, the interaction matrix approach, as a presentation and communication tool, is not
designed to illustrate the mathematics of a fully coupled system involving multiple
features.) It can be seen that the upper right quadrant of the matrix represents the
forward influences and the lower left quadrant represents the backward influences. As
the matrix grows, the features form the main diagonal of the matrix, and the influences
form off-diagonal elements. Additional discussion on the construction of interaction
matrices has been provided by Smith et al. [1996].

Hudson [1992] also described the use of differing levels of resolution in a matrix to
illustrate differing levels of problem complexity. That is, it is possible to construct a
coarse resolution matrix that represents the overall system, as well as a finer resolution
matrix that may represent components of the overall matrix. In the context of TSPA,
multiple levels of resolution may be appropriate to provide the appropriate level of
detail in tracing assumptions, parameter sets, and relationships in the analysis.

Feature: i ---- Influence of
ion j

Element ii Element ij

Influence of Feature: j
j oni

Elementji Elementjj

Figure 16-1
Two feature Interaction matrix
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One of the aspects of interaction matrices that provides tremendous potential benefits
for traceability and transparency of the analysis is the ability to associate data records
with each element. That is, in addition to the visual structure, each element is
associated with an underlying report. This report may include equations, references,
text, and data sources to provide justification of the approach used to evaluate the
feature or influence. For instance, an influence might be represented by a parameter
derived by expert judgment. The data record associated with that element could simply
reference the report of the expert group elicitation, to allow an independent investigator
to trace the thinking that went into the performance assessment. By contrast, the
influence may be represented by a complex system of differential equations, in which
case the data record associated with the element would be considerably more involved.

16.4 IMARC Top-level Matrix

As an initial demonstration of the interaction matrix approach, a global matrix of the
current IMARC TSPA was constructed. The purpose of this demonstration is to
illustrate the use on an interaction matrix as a project management and integration tool.
The HMARC project team is comprised of several independent investigators, working on
portions of the analysis. There is a project management need to ensure that the
interfaces between investigators' results are consistent across components of the system.
That is, the output from one investigator needs to be in an appropriate form for, and to
be understood by the investigator to that uses the information as in input. As a result,
for this demonstration the main diagonal elements were chosen in part to represent the
topical areas of the IMARC team. In addition, several main diagonal elements were
chosen to be features that cut across project management boundaries.

This selection of main diagonal elements illustrates a key point associated with
interaction matrices. There need not be a rigorous technical approach to the selection of
features in the matrix. Instead, the purpose of the matrix is to highlight important
points, and to be useful in illustrating key interactions. It should be perceived as a
communication tool as much as a technical one. Consequently, elements are chosen
with the intention of improving communications about key points of interest or
concern.

The IMARC top-level matrix is shown in Figure 16-2. Elements with white text on black
background are the main diagonal elements. As discussed above, these elements were
chosen to represent key features of the total system analysis. Off-diagonal elements,
representing processes connecting the features, coded by patterns to provide additional
information about the importance of the process in the IMARC program. Dark
elements with white spot pattern (Influence Level: 10) represent processes that are
considered to be of primary importance in the TSPA, and which are explicitly
represented by specific models in the IMARC computer code.
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Wide diagonal lines from bottom-left to top-right patterned (Influence Level: 5)

elements represent processes that may be of importance, but which are not currently

represented in IMARC. These omissions may be either because the importance of the

process has not yet been fully evaluated, because there have been insufficient resources

to implement models yet, or for other programmatic reasons. For instance, repository

design can influence chemistry through altered choices of materials used in waste

package design, drift design, and choice of backfill material. However, in the context of

the current IMARC analysis, the materials are specified by DOE. Consequently, even

though this influence is recognized to be of importance, it is not explicitly considered in

IMARC because of the IMARC assessment context. Regardless of the reason, they

represent key processes that are recognized to be of potential importance in a TSPA of

Yucca Mountain, but which are not currently implemented in IMARC. Data records

associated with each element provides the necessary documentation to justify the

exclusion of the process from IMARC.

By contrast, thin diagonal lines from bottom-left to top-right pattern (Influence Level: 2)

coded elements represent processes that have received attention in the past, but which

are not considered to be credible by the IMARC analysis team. For instance, the

influence of saturated zone flow on repository design (Element 11.4) has been discussed

in the literature, with the hypothesis that seismic events could cause the water table to

rise into the repository. This hypothesis is not considered credible, and has been

assigned a low importance level. However, in terms of traceability of the analysis, it has

been retained. A data file associated with Element 11.4 would provide a literature

review discussing evidence for dismissing the process from the IMARC analysis.
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IMARC TOP-LEVEL MATRIX
Influence Levels:
0 1 2 345 6 7 9 lo

oB~s&ROOnMz

Figure 16-2
Interaction matrix of the IMARC Implementation of a TSPA
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16.5 Near-Field Matrix

As an illustration of increased resolution of an interaction matrix, a second-tier matrix

was developed for the source-term analysis in JMARC. This second-tier matrix

represents an expansion of Element 8.8 in Figure 16-2. In addition, at this finer scale of

resolution, the function of the matrix is slightly altered. In the top-level matrix, the

intent was to provide a global view of the TSPA model and to ensure that each segment

was consistent with its neighbors. In the second-tier matrix, the primary intent is to

allow an independent reviewer a clear view of the details of the physicochemical

processes, conceptual models, mathematics, and parameter sets used in implementing

this segment of the analysis.

The near-field model for IMARC has been described by Zhou and Salter [1996] and by

EPRI [1996]. The conceptual model for the through-flow release scenario is shown

pictorially in Figure 16-3. Infiltrating water drips into the drift, and initiates canister

corrosion and waste form degradation. Chemical and transport processes are

accounted for in corrosion product, backfill, concrete invert, and host rock. The

concrete and rock are treated as fractured systems. The result of the analysis is a release

rate of radionuclides into the near-field rock.

di f

Figure 16-3
Conceptual model of the near field for the through-flow model.
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The implementation of this conceptual model in COMPASS involves compartment
method in terms of spatial discretization of the modeling system. Details of the method
has also been described [Zhou and Salter, 1996; EPRI, 1996]. Compartmental expression
of the modeling system shown in Figure 16-3 is illustrated in Figure 16-4. The model
includes both advective and diffusive mechanisms between compartments, and
accounts for a variety of chemical processes, and canister and waste form degradation
mechanisms.

diffusive pathway

-- t- advective pathway

Figure 16-4
Implementation of the conceptual model In the COMPASS model.

The interaction matrix for the through-flow conceptual model is shown in Figure 16-5.
As in the previous example, features of the system are presented as the main diagonal,
and are coded with white text on black background. In the context of this model, many
of these features can be directly related to an EBS component or a spatial region of the
system. That is, the canister, waste form, backfill, concrete fractures, concrete matrix,
and rock fractures and matrix each form one of the main diagonal elements, with
radionuclide exchange mechanisms between them represented in the off-diagonal
elements.
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WASTE FORM AND CANISTER REPORT
Influence Levels:

FO 1 2 3 4 5 6 7 S 9 10I
Ir"".z~
|. ..- :. S so .. I loasaI.,-lr-MisIL-JL.J L3 LW 1U-N=

Figure 16-5
Interaction matrix representation of the through-flow near-field model.
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As in the top-level IMARC matrix, the off-diagonal elements are coded with unique
background patterns to indicate the level of importance in the COMPASS model.
However, the patterns at this level have a slightly different significance. Dark elements
with white spot pattern (Influence Level: 10) are considered to be primary pathways by
which radionuclides may be released and transported to the near-field boundary.
Medium thick diagonal lines from bottom-left to top-right patterned elements, denoted
as importance level 8 in the pattern key, represent processes of secondary importance
for rapid releases. Consequently, transport in fractures is presented as an influence
level 10, as in element 11.13, whereas transport in the matrix is represented as an
influence level 8, as in element 5.12. It is important to note that this level of detail in
importance rankings is not necessary, if it is not considered to be appropriate. It is
presented in this way here to demonstrate the flexibility of the background pattern
coding scheme.

Wide diagonal lines from bottom-left to top-right pattered (Influence Level: 5) elements,
unlike in the top-level matrix, are included in the COMPASS model. However,
experience in running the model has shown them to be of secondary importance for
radionuclide transport when compared to the phenomena shown in the pattern
associated with influence level 10. As a result, diffusive pathway elements are filled
with the pattern associated with influence level 5.

Similarly, thin diagonal lines from bottom-left to top-right pattern (Influence Level: 2)
coded elements also have a somewhat different interpretation. In this case, elements
with this pattern are those which are not currently explicitly included in the COMPASS
model, but which are included implicitly. In the current version of COMPASS,
temperature effects are indirectly represented through choosing parameters
representative of the appropriate temperature regime. There is not an explicit model in
the methodology for representing temperature effects on other portions of the analysis.

As in the top-level matrix, each element is associated with a data record that provides a
more complete description of the element. One such data record is shown in Figure
16-6, for element 1.7 of the near-field matrix. These matrices and data records have
been implemented as an application in Filemaker Pro. Background pattern coding is
used in this report, because of color output complications, to demonstrate the value of
influence level coding. A color-coding scheme is used for the Filemaker Pro
implementation. In this demonstration version, a scrollable text box is provided, as
well as additional boxes for information about how the influence level was set, what
expert groups were involved, and explanatory notes about the selection of influence
level. In an actual implementation, these data structures could be altered or augmented
to fit the type of information desired by the analyst.
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INUrCE ENTRY
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II

Destination FEP 1007W 1f01-
lProduct

iI
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dluence Description

Influence
Information

10

Cap inventory is assumed to be rapidly released to the corrosion product, with no 0O

chemical or physical barriers to the release. The fraction of the inventory that existsn

in the gap is treated as an uncertain input. i I

Transport from the waste form to the corrosion product is assumed to occur by

advection, dispersion, and diffusion. Dispersion is only accounted for in the

approximate sense that each region is treated as a mixing cell or series of mixing

cells. No retardation is accounted for in the transfer of gap inventory to the

corrosion product. However, the released radionuclide may only be released into

aqueous form up to its elemental solubility limit. I

Scenario
Group - -Date

General 0 Well Known Expertise 0 Expert
Knowledge 0 Moderately Known n of Group 0 Educated Guess

J 0 Poorly Known ONoExpertise
- 0 Controversial

Concensus 0 MaJority
ONo

Explanatory
Notes

Figure 16-6
Data record for element 1.7.
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16.6 Summary

A demonstration of the interaction matrix approach has been presented, using the
current IMARC iteration as an example. The interaction matrix is viewed as a technical
tool to assist in ensuring completeness and consistency in a performance assessment. In
addition, interaction matrices are viewed as communication tools, which improve the
transparency of an assessment to outside review. For instance, comparison of
interaction matrices developed by regulator and developer may assist each to
understand the position of the other, and may assist in achieving consensus about a
conceptual model.
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17
TIME-FRAMES AND THE DEMONSTRATION OF

SAFETY FOR HLW DISPOSAL (B. WATKINS, J. KESSLER)

17.1 Introduction

An important principle, set out in IAEA [19951, which is often embodied in the criteria
for the safe disposal of long-lived radioactive wastes is that a similar level of radiation
protection should be provided to future generations as that provided for those alive
today [see for example, Environment Agency et al., 1996; SSI, 1997]. This has resulted in
the development of performance assessment methodologies to evaluate the potential
long term impacts of high level waste (HLW) disposal on humans, usually in terms of
individual dose or risk, or sometimes in terms of collective doses or other performance
indicators [IAEA, 1994]. However, the actual periods of time over which it is expected
that there will be full 'institutional control over HLW disposals are extremely short in
comparison with the times over which radionuclides in the wastes could potentially
move from the deep repository and emerge into the surface environment. This leads to
problems in setting safety standards appropriate both for the short and long term, and
in setting the time frames for which performance assessment (PA) calculations should
be carried out. This is especially difficult in view of the uncertainty in predicting
changes in human behavior and changes in the biosphere and geosphere over the very
long timescales involved.

This Section has the following objectives:

* to set various time-frames in context for some of the activities concerned with
radioactive wastes;

• to review selected examples of national and international perspectives on time-
frames for performance assessments; and

2 'Institutional' control means that the institutional mechanisms to monitor and mitigate potential releases from the
disposal facility are in place.
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* to draw out the key conclusions and recommendations related to appropriate safety
indicators and associated time-frames for the demonstration of the safety of deep
geological disposals; and

* to assess the site-specifics of the proposed Yucca Mountain HLW repository to
determine an appropriate time frame for regulation.

17.2 Time-Frames and Assessment Endpoints for Safety Assessments

Safety assessments have to be carried out for a number of activities that give rise to
radioactive wastes. The time frames for which such safety assessments have to be
carried out and some of the required endpoints are summarized below.

17.2.1 TIme-Frames In Context

The major activities that are associated with radioactive wastes are:

* reactor re/de-fuelling, dismantling and decommissioning;

* shallow land burial of low-level and short-lived intermediate-level wastes;

• deep disposal of long-lived and high-level wastes.

Reactor re-fuelling and de-fuelling will continue through the lifetime of the reactor and
for some years after. Such a period may amount to 60 years or so, longer than the
planning periods for most human activities. Time-frame issues associated with reactor
dismantling are likely to depend on the decommissioning strategy. For example,
complete entombment, or removal of some more highly activated components and
impoundment of the remaining components as a 'safe store', or total dismantling and
removal. The post-closure institutional control at a former reactor site could be up to
several hundred years and time frames for PA calculations may be as long as those for
shallow burial sites.

For shallow land burial, the assumed post-closure management timescales are normally
30 to 300 years (depending on the nature of the wastes). For shallow burial of
radioactive wastes, a safety case includes calculations of dose and/or risk to individuals
(see below), identified critical groups or potential future exposure groups. To acquire
disposal authorizations, post-closure PAs are usually carried out for no longer than
10,000 years since it is assumed that environmental change would cause drastic changes
to the surface environment in which the disposal site is located. In addition, it is often
assumed that individual dose rates (Sv y') from shallow land burial PAs will peak
within 10,000 years.
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For deep geological disposal, although the post-closure management period is also
likely to be around 100 to 300 years, the safety of the repository often has to be
demonstrated for at least 10,000 years and up to or beyond one million years in many
countries. The question then arises as to whether we are able to credibly predict the
behavior of man, and changes in the biosphere and geosphere over such timescales.

If we consider past history, it is possible that we might be able to predict general human
behavior over periods of 50 to 100 years (i.e. equivalent to the likely period of
institutional management and control of shallow disposal facilities). Gross climatic and
environmental changes are predicted to occur over time periods of 10,000 years
although some ecosystems and aspects of climate change radically over much shorter
periods, even over as little as a few hundred years (e.g., predictions about causes and
impacts of global warming). The geosphere may be considered to be geologically stable
over periods of up to a million years, but nevertheless it can never be fully
characterized over such a time period partly because environmental change will have
an impact on various hydrogeological properties. Yet despite the difficulties of
predicting long term human and environmental behavior, proponents of deep
repositories for HLW are expected to provide demonstrations of safety for such long
timescales.

17.2.2 "Dose' "Risk' "Health Risk' and "Dose Risk" as Assessment Endpoints
for Different Time-Frames

ICRP in Publication 46 note the difficulty in defining "risk" [ICRP, 1985]. The term
"risk" is used with different connotations in various disciplines. They especially note
that:

"A distinction should be made between the probability of occurrence of an event
at a waste repository, the probability that the event will have a consequence for
the integrity of the repository, and the probability that an exposure will be
received by an individual as a result of the event. The outcomes of these three
probabilities are conceptually distinct, and care should be exercised in
combining them."

For our discussion it is useful to distinguish among 'dose", "risk', "health risk" and
"dose risk".

For any given scenario, i, one can estimate a dose, E1. The likelihood, or probability, of
incurring a radiation-induced fatal cancer per unit dose for the single scenario is
calculated by applying a detrimental health risk factor per unit dose, y Thus:

Tfi (eq. 17-1)
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is the risk of a detrimental health effect associated with the dose E;.

"Risk" can be calculated when multiple scenarios need to be integrated into a single
assessment endpoint. The LAEA [1994] when applying ICRP [1985] discusses the
integration of dose with the health risk factor across a set of exposure scenarios each of
which is assigned a probability of occurrence, Pi. According to ICRP [1985] and IAEA
[1994] the definition of "risk" ("health risk"), R, is:

R = y(PE;) (eq. 17-2)

where

E is the dose estimate for exposure scenario i

ris the health risk factor for a given dose

P. is the assigned probability of occurrence for scenario i

Sometimes "dose risk" is described as Equation 2 without the leading health risk factor
term, r. "Dose risk" is sometimes referred to simply as "dose" but this leads to
confusion. Dose, dose risk and risk are terms that should be kept separate.

17.3 International and National Perspectives on Safety Assessment Time-
Frames

Most advisory or regulatory agencies divide the time periods for which PA calculations
have to be provided. Although there is no one single internationally recommended set
of time frames, there is a common approach to the type of assessment endpoint(s) used.
The types of endpoint(s) are a function of the particular time frame: short, intermediate,
or very long-term.

The "short" time frame means that, over this time frame, the future can be estimated
with sufficient confidence that, at most, only a handful of potential scenarios is
considered possible. In fact, perhaps only one "normal evolution" scenario may be
considered possible during the "short" time frame (possible disruptive scenarios are
considered separately). Thus, quantitative estimations - for "short" time frames may be
either "dose" estimates for a given scenario (regardless of its probability), or may be a
"risk" R. Any of the three factors (dose, "dose risk", "health risk") may be estimated for
the "short" time-frame since, by definition, the "short" time frame has only a limited
number of possible scenarios - at least for undisturbed conditions.

For intermediate time frames, it is understood that uncertainties have risen to the point
that it is imperative that many alternative "normal evolution" scenarios be considered.
Thus, one must abandon estimates purely of doses from individual scenarios in order to
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make a proper safety assessment that will illustrate impacts. For this time period, either
"dose risk" or "health risk" are appropriate assessment endpoints. It is important to
point out that IAEA (1994] and NRPB (1992] consider such assessment endpoints as
simply illustrations of potential impact.

Over the very long term any quantitative "risk" estimate (be it either "dose risk" or
"health risk") is no more than a qualitative indicator of impact [IAEA, 1994; NRPB,
1992]. This is why 1AEA [1994] and the Environment Agency et al. [1997] recommend
the use of additional, indicators that can provide information on potential impact.

The following sections are a brief review of what a few guidance bodies and regulatory
authorities say about time frames and the associated indicators of impact.

17.3.1 International Atomic Energy Agency (IAEA)

The IAEA [1994] has recommend three different time frames for PAs as follows:

Time-frame Time Period Types of Calculation

1 dosure to 10,000 years Quantitative; assume present day
conditions

2 10,000 to 1 million years Illustrative; consider climatic change;
suggest use of reference biospheres

3 beyond 1 million years Qualitative indicators only

It is important to note that the IAEA do not advocate a cut-off time for calculations. The
reasons for this are threefold:

1. a cut-off time period could lead to the underestimation of hazards from the
transport of radionuclides from the repository;

2. the IAEA consider that radiological protection should be independent of time; and

3. it is stated that a cut-off is inappropriate if doses or other indicators of impact are
still increasing.

Whilst not advocating any finite time frame, the IAEA [1994] advised the use of a range
of performance indicators. From repository closure to about 10,000 years, the IAEA
assume that both the biosphere and the level of technology remain comparable to those
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of today. Therefore, quantitative dose and/or risk calculations are advocated for this
time frame. From 10,000 years to about 1 million years, the IAEA recognize that long-
term changes in climate are likely to occur. It is stated that the impacts from such
changes could be evaluated by use of reference biospheres that encompass the range of
the viable biospheres that currently exist. In LAEA [1994], reference biospheres were
defined as a standardized approach to biosphere modeling to avoid speculation about
the future. Although risk may be calculated, it is recognized that such calculations in
this time frame can only be seen as illustrative since the range of possible biosphere
conditions and human behavior are too wide to allow reliable modeling. Additional
indicators that may be appropriate are quantitative and qualitative assessments based
on comparisons with natural radioactivity. Beyond 1 million years, the IAEA
recognizes that whatever qualitative assessments are made they can contribute little to
the decision making process, they simply support or provide a perspective on the
assessment.

17.3.2 Nordic Countries

Guidance from various national bodies in the Nordic countries has been developing
during the 1990s. In 1990, Sweden, together with Switzerland, gave the following two
'rules' in connection with time-frames [Swedish Nuclear Power Inspectorate et al., 1990]:

Rule 1: No cut-off time at least until peak impact reached.

Rule 2: Use scenario variation of realistically possible future evolutions.

The implications at that time were that indefinite time frames and a range of indicators
of impact should be considered for safety assessment calculations.

In 1993, advice changed [The Radiation Protection and Nuclear Safety Authorities in
Denmark et al., 1993] and definitive time frames were outlined.

Time-frame Time Period Type of Calculation

1 Up to 10,000 years Quantitative dose calculations

2 After 10,000 years Broad range of safety indicators (e.g.
comparison of release rates with
natural fluxes)

3 After millions of years Repository considered part of nature

Recently the Swedish Radiation Protection Institute (SSI) has issued a draft consultative
document on the proposed regulations for the final management of spent nuclear fuel
or nuclear waste [SSI, 19971. In this document it is made clear that activities must be
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justified, and optimized, taking into account economic and social factors, and
constrained within a dose limit. To allow comparison of different alternatives for final
disposal and the optimization of radiation protection, collective dose estimates are
advocated.

'The expected global collective dose, as a result of the outflow of radioactive
substances over a period of 1,000 years after the closure of a repository for spent
nuclear fuel or nuclear waste, shall be calculated as the sum of the annual
collective dose over a period of 10,000 years."

Individual dose constraints for members of a critical group during the operational part
of the final management of the disposal site and after repository closure are also given.

Only two time frames are specified in the document, namely:

* up to 1,000 years following repository closure; and

* the period after 1,000 years following repository closure (clarified later as "remote
future or for very long time periods").

For both time frames, the draft document advocates an analysis of the protective
capability of the repository based on current biospheric conditions. It is stated that dose
estimates should be calculated for the first time frame. For the second time frame, the
document says that "assessments can be presented" and that uncertainties in the
assumptions should be taken into account. No information is provided on what specific
assessments should be presented in the second time-frame or why the two time-frames
have been chosen but the implication is that there is no particular cut-off time and that
in addition to the calculation of dose or risk other performance indicators can be
provided.

17.3.3 United Kingdom

Two main bodies have provided information on time frames in the UK context of
geological disposal for LLW and ILW, namely the National Radiological Protection
Board (NRPB) and the UK authorizing agencies.

Advice from the NRPB [19921 relating to time frames and associated performance
indicators is summarized as follows:
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Time-frame Time Period Type of Calculation

1 Closure to 100 years Dose limit during institutional control

2 100 to 10,000 years Risk constraint to hypothetical Critical
Group, assumed present day behavior

3 10,000 to 1 million years Illustrative calculations that
hypothetical Reference Community
not exposed to unacceptable risk

4 After 1 million years Qualitative arguments only

It can be seen that dose calculations are limited to the institutional control phase when
current biosphere conditions are assumed. Site-specific risk calculations should be
provided up to 10,000 years, whilst risk estimates for the following time frame up to 1
million years are seen as illustrative only. Beyond 1 million years, any calculations (e.g.,
what leads to changes in radionuclide flow into the environment) are seen as simply
contributing to the discussion on safety issues.

The authorizing agencies have provided the following guidance on requirements for
authorizations of radioactive waste disposal in relation to time frames [Environment
Agency et al., 1996]:

• The repository developer is required to justify the assessment time frames and
choice of potential exposure groups (since no cut-off time is advocated by the
regulators).

• Calculations for the safety case must demonstrate that releases would be unlikely at
any time in the future to give rise to significant increases in the levels of
radioactivity in the accessible environment.

The overall safety case should not depend unduly on any single component of the
safety case (i.e. a range of indicators should be used).

Again, the advice is that dose calculations are limited to the period of institutional
control. In the following time frames, calculations are required to show that a risk
target can be met. However, other calculations are required to demonstrate safety.
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17.3.4 United States

The current regulation for deep geological disposal sites, other than the candidate
HLW repository at Yucca Mountain, is 40CFR191 [EPA, 1993]. There are several parts
to this EPA standard, including a section on protection of individuals which provides
individual dose limits. However, compliance assessments related to the individual
protection standard really are assessments of radionuclide concentrations in
groundwater. The main thrust of 40CFR191 is a limit on the amount of radionuclides
that can be released beyond five kilometers downstream from the repository. Hence
there has not been the need by the implementor to consider the biosphere in any detail
since EPA include their own generic biosphere model in the development of the release
limits.

The regulatory time period for both the release and individual dose limits in 40CFR191
is 10,000 years. EPA had originally considered both longer and shorter time periods.
The original basis for the 10,000-year time period was EPA's opinion that shorter time
periods would not be an adequately long enough time to distinguish between good and
bad sites, while uncertainties increased with long time periods.

For Yucca Mountain, the US Congress (in the Energy Policy Act of 1992, or EnPA)
requested the Committee on the Technical Bases for Yucca Mountain Standards of the
National Academy of Sciences (NAS) to advise EPA on the technical bases of
performance standards. The recommendations were published in 1995 [NAS, 19951. In
the report, the NAS committee recommended a health risk-based standard using a
linear, no threshold correlation between radiation dose and health risk. Furthermore,
the NAS 11995] found there was no scientific basis for a 10,000-year standard. The NAS
noted that, in the case of human activity, "there is no scientific basis for prediction of
future states, and the limit of our ability to extrapolate with reasonable confidence is
measured in decades or, at most, a few hundreds of years". Yet, they provided
recommendations on how to define future human activity so that assessments could be
made beyond this relatively short time frame. In the end, their recommendation on
time frames for regulatory compliance was as follows:

"We believe that compliance assessment is feasible for most physical and
geologic aspects of repository performance on the time scale of the long-term
stability of the fundamental geologic regime - a time scale that is on the order of
106 years ... and that at least some potentially important exposures might not
occur until after several hundred thousand years. For these reasons, we
recommend that compliance assessment be conducted for the time when the
greatest risk occurs, within the limits imposed by long-term stability of the
geologic environment."

The EPA performance standard for Yucca Mountain taking account of the NAS
recommendations has not yet been issued.
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Very recently, a "pre-draft" US Nuclear Regulatory Commission (NRC) performance
regulation for Yucca Mountain has become available [NRC, 1998].3 The following is
from the "Supplementary Information" section accompanying the pre-draft regulation:

"The NAS recommended that the time over which compliance should be
assessed should include the time when greatest risk occurs, within the limits
imposed by the stability of the geologic system. This recommendation was
founded on technical considerations only, and, as NAS acknowledged, did not
address issues of policy. In selecting the length of time over which the
individual dose limit should be applied, a regulatory agency must take into
account technical, policy, and legal considerations. In fact, NAS noted that EPA
might elect to establish consistent policies for managing comparable risks from
disposal of long-lived hazardous materials. From a technical perspective, for
example, the time-dependent variation of the hazard, along with the time
required to evaluate adequately the waste isolation capability of both engineered
and natural barriers, are of significance. From a policy perspective, on the other
hand, the practical utility and relative uncertainty of extremely long projections
of health consequences, along with the need to maintain a consistent regulatory
approach for like hazards, need to be weighed. Having considered both
technical and policy concerns, the Commission is proposing the use of 10,000
years for evaluating compliance with the system performance objective...

"The Commission makes its proposal on the basis of three considerations. First,
the inherent radiological hazard of spent fuel decreases rapidly and significantly
during the initial 10,000 years due to radioactive decay dominated by fission
products, with the relative hazard diminished by approximately 90 percent at
100 years, 99 percent at about 1,000 years and 99.9 percent at 10,000 years. At
10,000 years following waste emplacement, the relative radiological hazard is
within a factor of ten of the hazard posed by a quantity of 0.2 percent uranium
ore equivalent to that which was necessary to produce the spent fuel.... Beyond
10,000 years, the relative hazard of the disposed waste diminishes very slowly
over several hundreds of thousands of years because decay at such late times is
controlled by the activity of longer-lived radionuclides. A 10,000-year
compliance period corresponds to the time period when the waste is inherently
most hazardous.

"Second, analysis of repository performance over 10,000 years provides an
opportunity to examine the impact of a range of geologic conditions (e.g.,
seismic events, fault movement, igneous activity, and climate variation on the
scale of global changes due to glaciation) on the capability of the engineered and
natural barriers to limit radiation exposures below the dose limit.... If, indeed,
the waste package can be shown to preclude radionuclide releases beyond the
compliance period, a 10,000-year evaluation, it might be argued, would only

'Pre-draft' here means that the regulation has been placed on the Web, but has not been officially adopted by the
NRC Commissioners. Until that occurs, the regulation must be considered tentative and subject to revision.
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illustrate the effect of the natural system on the degradation of the engineered
barriers and would fail to adequately display the capacity of extant natural
barriers to restrict movement of radionuclides following release from the waste
packages, and thereby, limit exposures to members of the critical group. The
Commission expects that in conducting its performance assessment, DOE will
account for the susceptibility of some fraction of the more than 7,000 emplaced
canisters to early failures, attributable to such causes as manufacturing defect,
lapses in quality assurance programs, etc. The ability of the geologic barriers to
retard the transport of radionuclides released as a result of these early failures
would clearly need to be evaluated...

"Finally, from a policy perspective, EPA has already codified a 10,000-year
compliance period at 40 CFR 191 applicable to the Waste Isolation Pilot Plant
(WIPP), a similar type of disposal system as that proposed at Yucca Mountain.
A 10,000-year performance period is also referenced in EPA guidance on no-
migration petitions for facilities seeking exemption from certain land-disposal
restrictions for long-lived hazardous, nonradioactive materials. Additionally, a
10,000-year compliance period is specified in NRC's Draft Technical Position on
a Performance Assessment Methodology for Low-Level Radioactive Waste
Disposal Facilities (62 FR 29164). All of these land disposal situations, like HLW
disposal, involve disposed wastes containing long-lived, hazardous materials
which are of concern, because they can become mobile in the groundwater
pathway.

"The Commission proposes that a 10,000-year compliance period is appropriate
for evaluating a Yucca Mountain repository because it: 1) includes the period
when the waste is inherently most hazardous; 2) is sufficiently long, such that a
wide range of conditions will occur which will challenge the natural and the
engineered barriers, providing a reasonable evaluation of the robustness of the
geologic repository; and 3) is consistent with other regulations involving
geologic disposal of long-lived hazardous materials, including radionuclides."

Thus, the NRC has selected a regulatory cutoff of 10,000 years based partially on
technical and partially on policy considerations. The regulation does not indicate if
there is a role for PA analyses for time frames beyond 10,000 years.

17.4 Potential Safety Indicators and Associated Time-Frames

In the above summary of selected approaches to time frames in PAs it is clear that
different indicators of safety can be used according to the time frame of interest.
Potential biosphere safety indicators and associated time frames are discussed briefly
below.

"Dose". "Risk". "Health Risk" and "Dose Risk": These concepts, along with the
relevant time frames over which they should be used, were discussed in Section
17.2.2.
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Radionuclide fluxes into the biosphere: Such fluxes, normally provided as part of
the geosphere modeling, can be compared with natural radionuclide fluxes although
not all the radionuclides in a repository occur naturally. Comparison with natural
fluxes over a wide area and over long timescales provides a relative measure of
radiological impact but they cannot be used as a measure of the safety of individuals
on a local scale. This indicator was discussed in detail in Section 15.2.

Time Frame: Useful for time frames beyond 10,000 years due to the long
radioactive half-life of many of the radionuclides of interest.

* Environmental concentrations: These are often the starting point for dose and risk
calculations but this requires assumptions to be made about exposure pathways and
human habits, therefore the uncertainties associated with these assumptions can be
avoided if the actual concentrations are used as indicators of impact. Activity
concentrations can be compared with natural activity concentrations. This indicator
was discussed in detail in Section 15.3.

Time Frame: Calculations can be made for any time frame.

17.5 "Regulatory Cutoff Time": the "Weakest Link" Approach

A "regulatory cutoff time" may be defined as the time at which quantitative analyses
become so uncertain that interpretation of the results with respect to a regulatory limit
becomes difficult. Consider the case of a regulation that requires comparison of the
expected value of a probabilistic distribution to a limit. For this case, an appropriate
regulatory cutoff time would be when the uncertainty range around the expected value
has risen to the point where the "expected value" of the distribution begins to lose its
non-statistical meaning. This may be when combinations of parameters from the
uncertainty distribution can yield results that are orders of magnitude either side of the
expected value.

It is common that a subset of FEPs is found to be the "most important". That is, the
results are sensitive to variations in the particular values selected for the most
important FEPs; variations in less important FEPs do not cause significant changes in
the results. As soon as any of the uncertainty ranges of the most important FEPs begin
to increase dramatically, the uncertainty in the assessment endpoint will also begin to
rise dramatically. Thus, the regulatory cutoff time can be defined as the time of the rise
in the uncertainty range of the first of the most important FEPs. In this way, the
regulatory cutoff time is defined by the "weakest link" of the most important FEPs.

Nevertheless, it is appropriate to make projections of disposal facility performance
beyond this time, but only for "regulatory insight" [EPRI, 19941. In other words,
projections of repository performance can be made beyond the regulatory cutoff time,
but the numerical values of the performance measures beyond that time should not be
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compared to a regulatory limit to determine compliance. Indeed, over such long time
periods it becomes difficult to even capture the full range of the uncertainty in some
FEPs, as Whipple et al. [1997a; 1997b; 1998] have noted for the Yucca Mountain PAs
conducted for the US Department of Energy. Such projections could be used, for
example, as part of an ALARA sensitivity study to determine if any engineered FEPs
are most important to very long-term performance. For these very long-term
projections, use of relative rather than absolute numerical values of the performance
measure would be more appropriate.

17.6 FEPs to Consider in Determining the Cutoff Time

If a dose or health risk limit is the regulatory measure, then the biosphere - and human
behavior within the biosphere - must be added to the list of important FEPs. An
important part of any "realistic" consideration of the biosphere for the purposes of
calculating dose to humans is the ability to accurately characterize future human
behavior. Beyond a few decades into the future, assumptions about future human
behavior will be largely arbitrary. The recent pace of technological change has affected
not only the type of food that is eaten, but also the diversity of what is eaten, and where
and how the food is produced. Thus, if the appropriate "regulatory cutoff time" were a
true function of when any of the FEPs contributing to the overall PA became highly
uncertain, then the cutoff time would have to be set to perhaps just a few decades, and
certainly not more than on the order of 102 years beyond the end of the time of closure
of the site.

There are two arguments that can be used to neglect the uncertainties involved with
future human behavior and those of the biosphere itself. First, some think that PAs to
support the choice of a particular HLW disposal site and PAs for regulatory compliance
assessment should be based purely on the engineered and geologic characteristics of the
site without reference to the site biosphere. However, during site selection is seems
reasonable to consider the site biosphere if there are particular characteristics of that
biosphere that may cause particular amplification of the exposure for certain
radionuclides that tend to be difficult for any engineered/natural geologic system to
isolate.' For example, consider the following hypothetical case. Assume the resulting
dose from radionuclides passing through the geosphere/biosphere interface at Site A
were larger or more uncertain than that for a similar radionuclide flux or concentration
passing through the geosphere/biosphere interface at Site B. If the cause of the higher
dose (or uncertainty in the dose) at Site A were due to the particular biosphere
characteristics of Site A, then it seems reasonable to include the "negative" biosphere
characteristics of Site A (relative to Site B) when making a site selection decision. Thus,

4 In the case of Yucca Mountain, three radionuclides seem to be particularly difficult to isolate for very long periods:
Tc-99, 1-129, and Np-237 and its daughters.
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it seems appropriate to consider the natural features of both the geosphere and the
biosphere when considering the site safety in a PA.

The second involves the assumption made by many international guidance bodies and
regulators that future health risks due to the HLW buried at the site should not be
higher than risk levels tolerated today [e.g., IAEA 1995; Environment Agency et al.,
1996; SSI, 1997]. Since it is the present-day characteristics of society that form the bases
for the health risk levels that are currently tolerated, the only way to make a true
comparison with those tolerated levels in a PA is to assume that future society is like
that of the present day. Thus, uncertainties in future human behavior need not be
considered (although it is still reasonable to consider variability in present-day human
behavior as will be discussed in Section 18. Therefore, the regulatory cutoff time should
not be dependent on future human behavior uncertainty.

Thus, it seems appropriate to consider the FEPs related to the engineered barriers, the
geosphere, and those parts of the biosphere that do not involve human behavior when
considering the appropriate regulatory cutoff time. If the natural components of the
biosphere are left in the PA, then uncertainty in the PA estimates rise at approximately
103 years.

17.7 Yucca Mountain-Specific Example

Yucca Mountain has a few unique features among candidate HLW disposal facilities
worldwide. The primary distinctive feature is that the repository horizon lies in the
unsaturated zone, approximately 300 meters above the water table. Thus, unlike most
other sites below the water table, the Yucca Mountain design has no bentonite backfill;
water percolating into the drift is free to drip directly onto the HLW container surface.

The total number of containers that will actually be directly dripped on is a function of
the average percolation rate past the repository. This percolation rate is, in turn,
dependent on the climate (temperature and rainfall); heterogeneous fractured, porous
rock properties; the hydrothermal and thermomechanical properties of the rock caused
by the decay heat of the disposed HLW; and several other factors. All of the Yucca
Mountain PAs conducted to date suggest that the overall performance of the site is very
sensitive to the number of containers that are dripped on [TRW, 1995; NRC, 1995; EPRI,
1996; Andrews, 1998; this report]. Figure 17-1 shows a recent estimate of the fraction of
containers within Yucca Mountain that is directly dripped on as a function of
percolation rate [Andrews, 19981. The work represented in this figure was used as
partial input for the current IMARC model of fraction wet (see Section 4).

17-14



Time-Frames and the Demonstration of Safetyfor HLW Disposal (B. Watkins, J. Kessler)

1 .

0.8 -

seepa eftactoon 4pc
ol ,- *1 ., ,-, r I J

C

U

U
as96

4)qiSA

0.64

---- * - -- - ---- - - / _-

95th percentile I/

- --- --------- Mean -- - -

5th percentile -

*~~DDII~~III I E I J I II

OA-

0.2 1

10
0 101 102 103

Percolation flux (mmlyr)

Figure 17-1
Uncertainty In the Seepage Fraction (fraction of containers that is dripped on) as a
function of the average percolation flux past the repository horizon. Preliminary
results taken from Andrews [1998].

This figure suggests that percolation rates above which the uncertainty in the fraction of
containers that experience dripping is about 10 mm per year. Recent DOE estimates of
the percolation rate at Yucca Mountain for the present interglacial climate has a
distribution that encompasses 10 mm per year lAndrews, 1998]. It is estimated that a
return to pluvial climate conditions will drive the average percolation rate over this
value. Thus, all three Yucca Mountain TSPA efforts suggest that climate change is an
important FEP that affects the geology, the engineered barrier, and the biosphere [TRW,
1995; NRC, 1995; EPRI, 1996; Andrews, 1998]. Yet, the present climate is assumed to
remain stable for less than 10i years. Thus, uncertainties will increase dramatically due
to climate change in this same amount of time.

The rate at which containers fail and the time of the initial failures are important to
Yucca Mountain overall performance. Container corrosion rates and mechanisms are
strongly dependent on the thermal, hydrologic, and chemical environment. For Yucca
Mountain, the thermal environment is most highly perturbed between about 10' and 102

years after repository closure. Temperatures have descended back to near ambient by
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about 104 years, though. The chemical environment is most perturbed between about
102 and 10' years. Hydrology is defined mostly by the natural variability in the rock
that exists today. Except for hydro-thermal-chemical alteration of the rock immediately
surrounding the repository, which is poorly known, the natural variability of the
hydrologic parameters are not expected to increase any further as a function of time.
The only exception here is that the locations of the preferential pathways of flow
through Yucca Mountain may shift with time. This will cause shifts in where drips
occur with subsequent shifts in container corrosion rates. Although uncertainties in
container corrosion rates cause very large uncertainty ranges inr early dose estimates at
Yucca Mountain, at very large times the uncertainty in corrosion rates translate into
smaller uncertainty ranges in dose estimates [EPRI, 1996; Andrews, 1998].

This particular example was cited by the US National Academy of Sciences panel
providing guidance to the US EPA on the technical bases for Yucca Mountain standards
[NAS, 1996]. The NAS panel suggested that some FEPs, like the cumulative fraction of
containers that have failed, decrease in uncertainty with time. Although this is certainly
true for the fraction of containers that have failed since the fraction is limited to no
greater than one, other important FEP uncertainties have grown with time such that the
uncertainty range of the overall dose estimate remains large. Figure 17-2 is a plot by US
DOE contractors of 100 realizations from a recent Monte Carlo PA of Yucca Mountain.
The plot shows that by 10' years the uncertainty range for the dose estimate never spans
less than about six orders of magnitude. Similarly, the fractile analysis for the IMARC
code reported in Section 9 (Figure 9-24) also showed the uncertainty remaining
approximately the same order of magnitude at one million years that it was beyond a
few thousand years.
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Figure 17-2
Dose rate versus time for 100 Monte Carlo realizations of possible Yucca Mountain
FEP parameter values. Preliminary analysis. Taken from Andrews [19981.
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17.8 Conclusions

This paper has briefly reviewed a number of different approaches to the question of
time frames over which PA calculations can be required by different regulatory or
advisory bodies. There appears to be a general consensus that there should be a
movement from quantitative estimations of dose or risk to supporting illustrative
indicators of safety the longer the time frame. The main issues for those safety
indicators related to human health risk or dose are how to predict future human
behavior beyond about 100 years and how to predict biosphere change in the vicinity of
a repository over timescales of more than 1000 years. The most sensible approach
seems to be to adopt the IAEA recommendations for a simple, robust yet defensible
system using a hierarchy of safety indicators (see Figure 1). Even so, the details of how
'illustrative' indicators of safety may be used in actual licensing processes remain to be
seen. The recommendation to use multiple safety indicators does not, however, imply
that the particular time periods recommended by IAEA are appropriate. As shown by
the brief review, there is not a commonly agreed approach to the selection of relevant
time frames for PAs.

Given that human behavior is only boundable for at most a few hundred years, and
biosphere stability for only a few thousand years, use has to be made of largely
arbitrary assumptions about future human actions and the future biospheres that may
develop over the long timescales. Work is currently on-going within the LAEA five year
coordinated research program BIOMASS (Biosphere Modeling Methods and
Assessment methods) to develop a methodology for defining and justifying biospheres
which can be used for modeling calculations of potential radiological impacts from
repository derived radionuclides [IAEA, 1996]. The methodology will provide a useful
addition to the suite of tools used in PAs.

Using a range of performance indicators and applying internationally agreed
approaches and methodologies for documenting what has been done in a PA, and why,
will help to ensure that repository safety cases are acceptable to the public, regulators
and the nuclear industry.

For the geologic and engineered FEPs that are most important to demonstrating safety,
the time period for which "confidence" in the projections of the performance of these
barriers is limited to that of the FEP important to performance with the shortest period
of confidence. That is, high confidence in performance projections lasts only as long as
the "weakest link". Based on a combination of analyses and expert opinion for the
candidate spent fuel and HLW disposal facility at Yucca Mountain, Nevada, EPRI
concluded that relatively high confidence in the projections of engineered and geologic
barrier performance exists for only on the order of 103 years into the future [EPRI, 19941.
More recent analysis [Andrews, 1998; this report] also suggest that uncertainties begin
rising at about le years for Yucca Mountain. Thus, the time frame for formal
regulations and compliance calculations should of this same order. Beyond this time, a
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variety of alternative performance indicators should be used, qualitatively, to provide
regulatory insight into the very long-term performance of Yucca Mountain.
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18
THE EFFECT OF BIOSPHERE MODEL UNCERTAINTY

AND HUMAN HABIT VARIABILITY ON ESTIMATED

DOSE RATES (R. KLOS, J. KESSLER)

18.1 Introduction

There has been much debate over the past few years regarding the most suitable
approach to determining the radiological consequences of the disposal of all types of
radioactive waste [BIOMOVS II, 1996a]. The debate continues today in the BIOMASS
program [WAFA, 1996] and elsewhere. This has been fuelled, at least in part, by the US's
renewed interest in dose based standards [NAS, 1995; NRC, 1998] for the proposed
Yucca Mountain repository. Of particular interest is the approach to determining the
characteristics of the exposed individuals and groups to be assumed in the
determination of radiological hazard.

Recent assessments of the radiological consequences of the disposal of HLW at the
proposed Yucca Mountain repository have paid particular attention to the biospheric
aspects of the overall system. This has included the modeling of radionuclide transport
and accumulation in surface environments somewhat resembling those of Amargosa
Valley, the nearest populated area downstream from Yucca Mountain. The interface
between the geosphere and the biosphere in this case is in the form of wells into the
aquifer with which it is assumed drainage from the Yucca Mountain area interacts.!

In the biosphere model used for input to IMARC summarized in Section 8, Smith et al.
[1996] considered a variety of uses of water derived from a shallow well including
agricultural and domestic uses including drinking water. A hypothetical exposed
group of individuals were assumed to engage in farming using the hypothetically
contaminated groundwater for irrigation and other domestic uses. Smith et al. [1996]
recognized, through a literature review, that there were significant uncertainties in

lFor biosphere modeling purposes it is conservatively assumed that potentially contaminated groundwater emanating
from the proposed Yucca Mountain repository eventually finds it way into the shallow aquifer immediately beneath
the Amargosa Valley area. As discussed in Section 7 and in EPRI [1996], it is unclear whether this is the case.
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many of the parameters used in their biosphere model (e.g., shallow soil sorption, root
uptake factors, etc.). They also noted that human characteristics related to the
magnitude of their exposure to each pathway considered are quite variable. They noted
that this variability in human behavior will lead to a significant variability in the
estimated exposures.

Unfortunately, due to budget constraints Smith et al. did not have the opportunity to
investigate the effects on the estimated dose conversion factors of selecting a variety of
input parameters. Instead, they selected a single set parameter values and human
characteristics thought to provide a reasonable upper bound on the total dose factor the
hypothetical exposure group. That is, Smith et al. felt that using the particular
combination of parameter values they chose would assure that it was unlikely the
"true" dose would not be underestimated.2 This involved the selection of "critical"
group characteristics (see Section 8.2 and BIOMOVS II [1996a] for a discussion of
"critical" and other exposure groups) that are supposed to be representative of those
who would receive the highest exposures - assuming future human behavior is like that
found in the Amargosa Valley region today.

Another uncertainty that can enter any biosphere model is the choice of the model itself,
and how it is implemented [BIOMOVS II, 1996b]. Thus it would be useful to use
another model to investigate the same biosphere processes to explore how different the
results might be due the use of another model.

Also of possible interest is the potential for accumulation in surface water bodies which
are found to the south-east of the populated area. These potential biosphere/geosphere
interfaces were not explored in Smith et al. [1996]. At the very least it would be
worthwhile to explore alternate geosphere/biosphere interfaces to provide assurance
that the biosphere scenario selected by Smith et al. [19961 does provide a reasonable
upper bound dose estimate.

There is interest in investigating the effect on assessed dose using habits and behavior
of current populations living in the Yucca Mountain region likely to form the
geosphere-biosphere interface for future potential releases to the biosphere [NAS, 1995;
EPRI, 1996; CNWRA, 1997; TRW, 1997]. It is common practice to assume the "critical"
exposure group is such that the group engages in present-day farming practices making
exclusive use of contaminated water sources. Furthermore, it is assumed the critical
group relies exclusively on water and locally-produced agricultural produce for their

2 The "reasonable upper bound" referred to here is different than a maximum credible upper bound. That is, it is
possible to provide a set of scenarios and parameters from an uncertainty distribution such that even greater negative
consequences could be calculated than that supplied in a reasonable upper bound case. For example, Smith et al.
(1996] felt the "true" dose conversion factors (for a fixed set of human characteristics) might be as much as ten times
higher or 1,000 times lower than those calculated using combination of parameters they chose. Thus, Smith et al.
chose from the higher end of the range even though higher estimates are possible.
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nutritional needs. The basis for this assumption is that limiting the exposed group to
only local produce and local residence is likely to reasonably maximize calculated doses
and risks. The precise definition of the appropriate critical or other exposure groups is
still a matter for some interpretation. There is an ongoing effort within the IAEA's
BIOMASS program to provide further guidance on the definition of critical and other
exposed groups [IAEA, 19961.

The degree of conservatism such a critical group definition injects into a performance
assessment has only begun to be explored. EPRI [1994; 1996] compared, on a purely
illustrative basis, the "critical" group dose estimates to other estimates for "average
individuals in the local population". EPRI considered the probability (or fraction of the
local population) that the combination of factors required for individuals to be exposed
to the contaminated groundwater would actually occur. Several hypothetical
alternative scenarios to the critical group concept were explored. This work suggested
that the average dose in the local population could be several orders of magnitude lower
than the critical group dose.

The Reference Biospheres Working Group within the BIOMOVS II program suggested
that it would be useful to provide an estimate of the individual dose distribution in the
local population [BIOMOVS II, 1996a]. By examining the dose distribution, it would
still be possible to present the critical and the Reasonably Maximally Exposed
Individual (RMEI) behavior while putting the RMEI and critical group dose estimates
into the perspective of how they compare to more likely behavior in the vicinity of the
HLW repository. This is useful in the sense that society generally tolerates higher
individual risk levels if the exposed group size is relatively small, and lower individual
risk levels if the exposed group size is large [EPRI, 1994; BIOMOVS II, 1996a; Kessler,
1996; Klett, 1997]. What has been lacking is an application of the individual dose
distribution in the local population concept applied to Yucca Mountain.

18.2 Purpose

This section investigates the differences or variabilities in individual dose estimates
from those in Smith et al. [1996] that arise due to:

• The use of different models while using the same parameter values wherever
possible;

* Including additional geosphere/biosphere interfaces related to surface water bodies
used for agriculture3 ;

* Variability in dose estimates that can occur by varying the biosphere system
parameters; and

3 This geosphere/biosphere interface, along with others potentially relevant to the candidate Yucca Mountain
repository, are considered in signifcantly more detail in Appendix C of this report
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Different representations of exposure groups. The majority of this section will
explore alternate exposure groups. In particular, the following will be investigated:

i. the basis for representing exposure group habits and preferences;

ii. the variability expressed by food consumption preferences in a representative
population group assuming that Full Subsistence Consumption4 (FSC) of
locally produced foodstuffs and drinking water is possible;

im. the variability expressed by the local population group on the basis of their
usage of locally produced foodstuffs and water - i.e., true Local Population
Consumption5 (LPC), based on a local habit survey carried out in the
Amargosa Valley community and similar surrounding communities; and

iv. uncertainty in model data in the representation of the exposure pathways.
This is then compared to the uncertainty arising from the representations of
the exposure groups.

In order to carry out these investigations a representation of a small farm with water
use resembling that in a desert environment (such as Amargosa Valley) was constructed
using the TAME biosphere model [Klos et al., 1996]. The database was based on the
desert farm biosphere developed orginally in Smith et al. [1996] and, for consistency
with the previous work, transport processes were configured to be broadly similar.6

Although the population group resident in the Yucca Mountain vicinity is markedly
different from that assumed in the Complementary Studies model intercomparison
exercise [BIOMOVS II, 1996b] the types of exposure pathways are similar to those
found in the present day.7 The question is how to combine the potential exposure
pathways to make reasonable estimates of dose or risk to the kinds of persons who
could be resident in the Amargosa Valley.

4 FSC implies that all the requirements of the population group can be met locally and furthermore that all local
production is produced from the area of maximum environmental concentration of radionuclides released to the
biosphere. This represents a very conservative approach to assessing doses since no external sources of
uncontaminated food are included. For the purposes of calculating groundshine and dust inhalation doses full-time
residence of the maximally exposed region is also assumed.

5 LPC also assumes that maximal residence of the area is practiced by the exposed population group in the most
highly contaminated region and that locally produced foodstuffs are obtained from the same area of land. For this
group however the assumption of imported foodstuffs is made so that locally produced foodstuffs make up only a
fraction of the total food consumption.
6 'Broadly similar" does not mean they are exactly the same. Rather it is an attempt to represent the processes used
in the Smith et al. [1996] model in as similar a way as is possible using the TAME code. A few fundamental
differences between the two codes does not allow the treatment to be exactly the same.

7 Certainly some of the potential exposure pathways for residents in the Yucca Mountain region have not been
included. It is assumed (but not confirmed) that the exposure pathways represented in these models would provide
the majority of the dose received by hypothetical future individuals with characteristics similar to those living in the
Yucca Mountain region today.
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18.3 Model representation of transport In the Amargosa Valley biosphere

18.3.1 TAME - the terrestrial-aquatic model of the environment

The biosphere model TAME was developed in Switzerland by Nagra for use in post
closure radiological assessments [Klos, et al., 1996]. It comprises a compartmental
representation of radionuclide transport FEPs with a multiplicative chain
representation of the exposure pathways, linking doses to the calculated environmental
concentrations in the model compartments. It has been used in assessments of potential
radiological impacts of both HLW and I/LLW waste repositories [Nagra, 1994a; 1994b]
and a key feature is its ability to be configured through the application database to
alternative situations (see also Klos [1998a]).

The flexibility is due to the way in which processes are implemented in the transport
model. Attention is focussed on determining the movement of water (affecting
radionuclides in solution) and solid material (carrying radionuclides sorbed onto
surfaces). The representation of the physical environment employs a structure of five
compartments for each hydrologically distinct region in the model. These represent top
soil (rooting zone), deeper soil, surface water bodies, corresponding aquatic sediments,
and the biosphere aquifer.

Exposure pathways are those from the Complementary Studies exercise [BIOMOVS II,
1996b]: drinking water (surface and well in aquifer), freshwater fish, grain, root
vegetables, green vegetables, meat, milk, eggs, dust inhalation and external ytirradiation
(ground shine). To this list was added the consumption of fruit in line with the Smith et
al. [1996] representation of the Amargosa Valley for which the comparisons are made.

18.3.2 Desert biosphere model development loosely based on the Smith et al.
[1996] model

Smith et al. [1996] provided a description of the desert farm biosphere and associated
exposure pathways identified for a representative group comprising a subsistence
farming community. In their model less sophistication was included in the transport
model but more detail was included in the exposure pathways.

Using the Smith et al. (19961 representation as a benchmark, a TAME dataset has been
compiled by direct translation of the database, where possible. Where there were
differences between the TAME representations of FEPs (e.g., in expressions for
radionuclide transport by bioturbation) the TAME dataset an attempt was made to

'The term 'subsistence community' is used here in the sense discussed in the BIOMASS Theme I Task Group on
Critical and other exposure groups [IAEA, 1998]. It is used only to imply that 100% of consumed foodstuffs are
locally produced. Fuel and energy production are excluded from this definition.
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configure TAME to reflect the Smith et al. model. For purposes of comparison the
representation of the process follows the TAME methodology but the data values used
in Smith et al. [1996] were employed. This provided a way to check if important
exposure pathways identified by Smith et al. would be replicated with an alternative
model employing a different set of FEP representations. This methodology for model
intercomparison was carried out in the Complementary Studies exercise [BIOMOVS II,
1996b].

Mass conservation schemes for water and solid material fluxes in the TAME biosphere
representation are shown in Figure 18-1. Smith et al. did not include surface water in
their 1996 assessment but here the aquatic side of TAME was used to investigate the
potential for accumulation of radionuclides in the surface water bodies, such as those to
the south-east of Amargosa Valley.

A nominal aquifer flow rate of 106 m3 a" was assumed which, together with an assumed
radionuclide release rate of 106 Bq al, gave an aquifer concentration of 1 Bq mr3. No
outflow from the lake was assumed (the Elsewhere compartment in Figure 18-1 is not
connected to the other compartments) and the size of the lake was assumed to be
determined by evaporation. With the assumed value for evapotranspiration (0.7 m a')
this gave a lake area of 1.43x106 m2.'

Aquifer properties in the TAME version were set such that the k,, was equal to zero for
all radionuclides and so that there was no suspended solid material present in the
groundwater. This then corresponded exactly to the case modeled by Smith et al. where
the geosphere-biosphere interface was assumed to be well water with unit radionuclide
concentration. In this case the only interaction between the terrestrial and aquatic parts
of the biosphere was via the discharge from the aquifer and the soils and the lake
system were totally separate. The only loss of radionuclides from the modeled system
was via wind erosion from soils.

Soils in the region were assumed to comprise an area of 104 m 2 and were irrigated with
water from the well in the local aquifer.

The radionuclides considered for the study were "Tc, 'I and the 2 7Np. These were
released to the aquifer. The decay products of WNp (z3 U and 2'Th) were assumed to
grow in in the modeled system but their contribution to the dose from 237Np was
infinitesimal

9 This evapotranspiration rate is probably small by at least an order of magnitude compared to that in the Yucca
Mountain region (see, for example, Wittmeyer and Turner [1997]). However, the assumed aquifer flow rate is also
probably an order of magnitude too small for the aquifer underlying the Amargosa Valley region. Thus, the assumed
lake area may be a reasonable order of magnitude for the Amargosa Valley region.
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(a) water fluxes

(b) solid material fluxes

compartment nomenclature
T = top soil, D = Deep soil, W = surface water, S = aquatic sediment, L = Local (biosphere) aquifer, E =
Elsewhere (sink), U X uncontaminated sources (including A, atmosphere), C X contaminated sources.

_

Figure 18-1
Mass balance schemes for water fluxes (a) and solid material fluxes (b) In the
TAME blosphere model. Solid lines are determined by Input parameters, dashed
lines are derived from mass balances.
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Exposure and consumption rates used by Smith et al. (see Tables 8-2 through 8-4) were
translated directly. However, Smith et al., considered beef, pork and poultry separately
and also included cow liver and chicken liver as separate pathways. This total meat
consumption was summed in the TAME database. The total calorific intake of the
individual represented in the model was therefore around 2.31x106 kJ a- which is only
around 72% of the USDA (1998) national average for all adults for the whole USA
(3.2x106 kJ a-').

18.3.3 Deterministic results

As with the Smith et al. implementation, doses were summed over all exposure
pathways. Results for the steady state total dose and the contributions to the total by
pathway are shown in Table 18-1. The time evolution of dose from the start of the
release are similarly shown in Figure 18-2.

Results from TAME are broadly in agreement with the earlier work. Smith et al., report
that fruit consumption dominates the doses for these radionuclides, although in no case
does it contribute more than 50% to the total dose. Grain, root vegetables and water
consumption also feature strongly. The implications of this are discussed in Section 18.4
below.

There is some time dependence seen in Figure 18-2 but, in comparison to the results
seen in the Complementary Studies exercise10 [BIOMOVS II, 1996b] the effect is very
minor, where 10' years was required for steady state to become established. One reason
for this is the treatment here (and in the earlier report) of the aquifer as simply a source
of radionuclides in solution. In the Complementary Studies modeling the
hydrogeological properties of the aquifer (flow rate, chemical properties and solid
material load in the aquifer porewater) were included.

10The Complementary Studies exercise of BIOMOVS II [BIOMOVS II, 1996b] is an important benchmark in model
intercomparison exercises. Ten modeling groups from Europe and Canada participated in the application of various
waste disposal biosphere assessment model based on a description of an inland, temperate valley in central Europe.
The description provided for a biosphere aquifer, soils in the valley bottom on which agriculture (arable and pasture)
was practiced. Exposure pathways corresponding to those considered here (excluding fruit) were implemented. Long
timescale releases of 1291 and the 237Np chain were considered.

The results of the deterministic phase of calculations showed Many different features in the time-evolution of dose.
Much of this could be traced to different model expressions of the potential for storage in deeper parts of the system,
particularly the aquifer and subsequent transfer to the surface environment. Most notably, radionuclide sorption in
temperate soils and in the aquifer material was assumed to be considerably higher in than has been assumed here.

A detailed review of the representation of Features, Events and Processes included in the participating models was
included in the final report A probabilistic database was also applied to the models in which data uncertainty in
radionuclide transport and exposure pathway modelling was simultaneously investigated. See also Klos et al. 11998]
for a fuller summary.
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Table 18-1
Deterministic results for the release of 'Tc, 1"I and 07Np to the TAME representation of the
desert biosphere. Peak dose for constant release of 1 MBq ag are given plus the time taken
to reach the maximum dose after the start of the release. The percentage contributions of
each of the exposure pathways to the total dose are also gIven. Contributions above 10%h
are shown In bold type. As with the Smith et at (1996) assessment, fruit consumption
dominates all doses. Percentage contributions given by Smith et al are given in brackets.

Individual Doses 'Tc 1291 O"Np chain

peak dose over all pathways (Sv a') 6.4xl04 3.0x107 2.1x107

BDCF (Sv ae)(Bq a') 6.4x10" j 3.0x10's 2.1x1O04'

time to peak (a) 30.5 97.5 100.0

Pathway contributions to peak dose WTc j I 291'
37Np chain

Drinking water (well) 6.1% (5.4%) 22.1% (15.3%) 31.6% (21.1%)

Grain 15.1% (14.8%) 12.1% (13.7%) 0.6%

Meat (total) 9.4% 5.7% 0.3%

Milk and dairy products 13.2% 6.4% 0.0%

Green vegetables 8.5% 2.3% 1.2%

Root vegetables 19.2% (17.7%) 12.5% 17.1% (12.3%)

Eggs 1.7% 3.1% 0.0%

Dust inhalation 0.0% 0.0% 3.1%

External irradiation 0.0%/0 0.0% 0.3%

Fruit 26.9% (30.2%) 35.7% (43.9%) 45.8% (54.6%)

Freshwater fish consumption was not included by Smith et al., but it could potentially be considered in
the TAME model - see below.

Sorption in the aquifer can have a profound effect on the temporal dynamics of the
system. Even with a default value (Figure 18-3) for the aquifer k, (equal to the k, in the
soil compartments) the results for Amargosa Valley are in no way comparable to those
from Complementary Studies in terms of the approach to steady state. Figure 184
illustrates the effects on the time to steady-state for a hypothetical range of aquifer k,
values for "Np, with all other parameters held at the Smith et al. [1996] values.
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The range of kd sensitivity for aquifers is from 10' to 104 (Bq kgj1)(Bq m)-' as far as the
value of total dose is concerned [Kos, 1998b]. Figures 18-3 and 18-4 indicate that where
the approach to steady-state is quite rapid (for zero k, in the aquifer, or for values
similar to that in soil - 5x10 (Bq kg1 )(Bq mn) 1 ) the timescale is essentially determined
by the k, values in the soils. For the values adopted here this means that steady-state is
established over a few tens of years. This corresponds to a reasonable lifetime for a
cultivated area before attention moves elsewhere (cf. 50 or 100 years assumed in
Canada [Davis et al., 19931). Larger values of aquifer kd would require longer times until
maximum environmental concentrations are reached. Over ten thousand years are
required if the aquifer k,, is around 0.39 (Bq kg1 )(Bq m3)1 (the upper limit identified for
"Np in the Smith et al. [19961 database). Tits and Van Dorp (in preparation) used a
review of chemical properties to determine kd values for temperate conditions and
found a value of 1.0 (Bq kg`)(Bq m3 )1 appropriate for 7Np and this gives a time to
steady-state of around 3x104 years. Higher values (for alternative radionuclides) are
possible with longer timescales.

The likelihood of continuous cultivation over very long timescales (> 10i years) was
discussed in the Complementary Studies report. Whereas there may be some
justification for the assumption in European conditions it is unlikely in the context of
the climate and environmental conditions of the Amargosa Valley. However, given the
correlation identified by Tits and Van Dorp (in preparation) between lower k, values
and coarse grained, low organic content media, such as those in the Amargosa Valley, it
is likely that biosphere models which include compartmental representation of the
biosphere aquifer would lead to steady-state doses becoming established on a very
short timescale.

Figure 18-5 illustrates the volumetric concentrations of 'I in the TAME compartments.
As is to be expected the time evolution of the soil compartments corresponds to that of
the doses in Figure 18-2. Also shown is the buildup of activity in the lake water (not
considered in the original Smith et al. [1996] calculations). Peak concentrations would be
established on the order of several hundred years. These results imply that this could be
potentially significant, particularly if a population of edible fish could be established.
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Figure 18-2
Total dose over all exposure pathways as a function of time from the start of the
release In the TAME representation of the desert biosphere. Data from Smith et at.
[19961.
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Figure 18-3
Corresponding plot of total dose for the case of the full representation of the
biosphere aquifer showing the approach to biosphere equilibrium. Aquifer ks were
assumed to be equal to soil k~s.
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18.4 Variability and uncertainty In the calculation of doses to exposure
groups

18.4.1 The legacy of the BIOMOVS I Reference Blospheres methodology

The role played by critical and other exposure groups in the determination of the
radiological safety of disposal facilities was much discussed in the Reference Biospheres
working group of BIOMOVS II [BIOMOVS II, 1996a]. Part of the discussions centered
on the whether Maximally Exposed Individual (MEI - potentially located at the
maximum environmental concentrations and with extreme habits) or the Reasonably
Maximally Exposed Individual (RMEI - still potentially located at the point of
maximum environmental concentrations, but with less extreme habits than the MEI)
were the most appropriate in dose assessments. An ultra-cautious approach could lead
to unreasonably high assessed consequences and some degree of realism is necessary.
Small groups (or even single individuals) would then be calculated to receive relatively
high doses whereas if averaging was carried out over a larger group, a lower mean dose
would be expected to result. This is illustrated in Figure 18-6. The Reference Biospheres
Working Group [BIOMOVS II, 1996a], and the LAEA BIOMASS task group on exposure
groups [IAEA, 1998] both recommend that the distribution of individual doses in the
local population be considered.

'Equitable -philosoophy -.- _ - -. - _ ..... . .
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Figure 18-6
The qualitative relation between exposure group size and mean exposure group.
dose. This subjective plot Illustrates the difference between the cautious and
equitable assessment approaches. From BIOMOVS 11 [1996aJ.
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There are three main points of distinction between what is represented in Figure 18-6
and conventionally defined 'collective' dose. The first is that Figure 18-6 is expressed
on a per capita basis, whereas collective dose is summed over the exposed population.
The second is that Figure 18-6 displays annual doses as a function of population size,
whereas collective dose is typically expressed over pre-defined populations of fixed
size. The third distinction is that Figure 18-6 is expressed in terms of annual dose,
whereas collective dose is expressed in time-integrated terms.

This helps to explain why Figure 18-6 may be considered helpful, whereas collective
dose is typically considered unhelpful, in evaluating the radiological impact of solid
radioactive waste disposal. Collective dose is typically seen as applicable either in
comparing between options or in optimising a specific option. Thus, the emphasis is in
reducing collective dose until it is As Low As Reasonably Achievable (ALARA). The
problem in solid radioactive waste disposal is that collective dose is often not very
sensitive to changes within and between options, because it is dominated by very long-
lived radionuclides such as 1-129 and U-238 that eventually escape from the disposal
system and become globally distributed. Only if collective doses are strongly truncated
both in space and time do distinctions within and between options become evident.
However, there is no clear guidance on how such truncation should be achieved.
Furthermore, if collective dose is partitioned into a multiplicity of quantities by
dividing the future both spatially and temporally, it is not clear what relative weights
should be assigned to each of these quantities for optimisation purposes. Furthermore,
it is worth noting that there is no such thing as a collective dose limit or constraint.
Therefore, one cannot use collective dose, however truncated, to demonstrate
compliance with a numerical limit. The only exception to this is the US Environmental
Protection Agency, 1985 constraint of no more than 1,000 cancer deaths in 10,000 years
per 1,000 metric tons equivalent of uranium disposed [USEPA, 19911. Using a risk
factor of 0.06 per Sv, this would translate into a constraint on collective dose of 16,667
person-Sv per 1,000 MTU over the first 10,000 years post-closure.

By contrast, Figure 18-6 is related to the average annual dose or risk in the most
exposed population. Both international organisations and national authorities have
defined dose and risk limits, constraints and targets. Thus, results plotted in the form of
Figure 18-6 can be used for evaluating compliance. For example, if, as in the UK, there
is a risk target, and Figure 18-6 is replotted as Annual Individual Risk against
Hypothetical Population Size, we can say how big the population has to be before the
per capita risk drops below the risk target. Conversely, we can make statements such as
the following:

• the ten most exposed people have an average per capita risk that exceeds the risk
target by a factor of three;

* the hundred most exposed people have an average per capita risk that is a factor of
two lower than the risk target
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Given the multiplicity of assumptions involved, it might seem unreasonable to expect
that a performance assessment should be expected to evaluate the overall distribution
of potential individual doses among populations in the vicinity of future releases from a
deep repository. Conversely, it is evident that a single point-estimate of potential
exposure to a hypothetical individual may not necessarily provide all the information
necessary to make judgements regarding compliance. The approach taken in any
particular case may therefore vary according to the purpose of the assessment and will
also probably vary according the use that is to be made of the results. Moreover,
various approaches may well be justified within a single assessment, in order to provide
a robust basis for decision making. For example, the public in the vicinity of the
disposal facility may be interested in knowing what their estimated exposure would be
if the future estimated releases into the biosphere were occurring today. Estimates of
exposure distributions based on real, present-day local population habits and locations
may be a useful tool for such decision making.

Thus, for example, where the site context dictates that substantial heterogeneity of
exposure is a possibility, a 'cautious' estimate of the dose incurred by the maximally
exposed individual might be supported by an 'equitable' estimate of the average dose
incurred by the regional population."1 This would allow comparisons to be made with a
range of appropriate targets and limits for risk tolerability. Alternatively, where
homogeneous exposures are assumed or anticipated for a relatively large population
group (particularly if the assumed exposure group is assumed to be homogeneous with
respect to risk, rather than dose), a cautious estimate of the potential size of the exposed
population group may be necessary in order to make rational comparisons with
acceptance criteria.

Application to Yucca Mountain

The Complementary Studies dataset, combined with TAME, formed the basis of an
attempt to investigate the form of this curve quantitatively [KNos, 1998c]. In the
exposure pathway sub-model of TAME there is the provision to specify a total food
energy intake for the individual whose dose is to be calculated in any given model run
[see Appendix E of Kios et al., 1996]. Fractional consumption rates are then used to
determine the amounts of each of the other foodstuffs consumed. The use of total food
energy intake therefore provides a useful check to ensure that modeled individuals are
exhibiting realistic characteristics in an analogous way to the application of
conservation of mass and mass balance does in the transport sub-model.

Initially, data on population-wide food habits were unavailable so probabilistic
methodology was used to simulate dietary habits and preferences for a group of up to
1000 individuals. Overall consumption (calorific and fluid intake) was assumed to lie

"l Definitions of 'cautious' and 'equitable' in this context were developed in BIOMOVS II [1996a].
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between 1/3 and 3 times the default case. Rates of consumption of the individual
foodstuffs (drinking water, milk, meat, fish, grain, root vegetables, green vegetables,
eggs) were then determined on the basis of sampled fractional consumption rates (Table
18-2). Meat and water consumption were calculated so as to fit in with the total
consumption limits. In practice extreme care was required to generate reasonable rates
of consumption for each of the foodstuffs individually. Although the resulting
histograms for consumption rates are somewhat skewed, overall their statistical
properties are not unreasonable compared to the reference case and what may be
considered reasonable with respect to individual consumption rates.

Table 18-2
Probability distribution functions defining simulated food consumption rates. In
the case of the log-normal distribution, the upper and lower bounds correspond to
the 99% confidence interval.

parameter pdf type lower bound upper bound

consumption rate scaling factor log-normal 1/3 3

fraction of non-vegetables taken as milk uniform 0.1 0.5

fraction of non-vegetables taken as fish uniform 0 0.1

fraction of non-vegetables taken as eggs uniform 0 0.2

Degree of vegetarianism uniform 0.6 1

Fraction of vegetables taken as grain uniform 0.5 1

Fraction of vegetables taken as root vegetables uniform 0.8 1

By ranking the results from highest to lowest it was possible to calculate, on the basis of
variability in the food consumption pathways, the dose to the maximally exposed
individual, the mean dose to a group of the two most exposed individuals, the three
most exposed individuals and so on. Results are shown for 'I and WNp in Figure 18-7.
Two forms of the same information are shown, one is in the form of Figure 18-6 and the
second ranks the calculated doses in descending order.

These initial results show a dear nuclide dependency and this implies that the role of
different pathways for the different radionuclides of interest must be taken into
account.
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The overall range from the lowest calculated dose to the highest is around a factor of
ten and this can dearly be associated with the range for over all food energy intake in
Table 18-2. The question is whether the derived food consumption rates correspond to
patterns observed in the population at large.

This is of particular relevance to the area around Yucca Mountain. Present day
consumption habits imply a large amount of imported material which would tend to
lower the mean exposure group dose. Habit survey data can be used to indicate how
much influence these considerations can have on calculated consequences. In the
following section two data sets are used to further investigate the potential for
variability in exposure pathway modeling.

The first uses the USDA's 1998 dataset from the nationwide habit survey [USDA, 1998].
Data here are categorized in numerous ways, including regional variations and rural vs.
urban populations. By taking adults in (above 20 years of age) in the USA West, rural
dataset an analog population which may be expected to exhibit similar characteristics to
the population in the Yucca Mountain region. The second uses the results of a habit
survey conducted in the Yucca Mountain area. TRW [1997] has translated the results of
this into consumption rates of locally produced foodstuffs.

18.4.2 Application of habit survey data

18.4.2.1 The TAME implementation

The TAME representation described in Section 18.3 provides the basis for the
environmental distribution on which the foodstuff concentrations are based (cf. Figure
18-5). Food crops and livestock are then assumed to be grown on the contaminated
region. Consumption rates of the produce are then taken from the datasets relevant to
the USA West [taken from USDA, 19981 and the Yucca Mountain region habit survey
[Swanson, 1998; TRW, 1997].

Details of each of the datasets are discussed but in each case some preprocessing was
necessary because the survey results give information on many more discrete pathways
than are accounted for in TAME (or even in the Smith et al., 1996 representation). Thus
various types of grain consumption were aggregated to form intakes via the 'grain'
pathway, different types of fruit were aggregated, different types of meat, etc.

Fish consumption was included in both data sets. For the purposes of the example here
fish consumption was included on the basis of the concentrations of radionuclides in the
lake. The TAME representation probably significantly overestimates the concentration
in lake water and hence in fish. However the results are of interest because the potential
for accumulation in the evaporation regulated lake represents a worst case scenario in
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the context of releases to the Amargosa Valley biosphere. The contribution of the fish
consumption to total dose is therefore of interest.

Total food energy intake was calculated for each of the sample records on the basis of
the TAME default calorific values for foodstuffs [Elmadfa et al., 1994].

Attempts to fit probability density functions (pdfs) to the individual consumption rates
given in the habit survey datasets were hampered by the large number of zeros which
often arise. None of the standard forms of pdf fit the residual distributions particularly
well, although there was some success with /1-distributions. Bimodal forms are often
seen.

Rather than employ sampling techniques based on derived pdfs it was therefore
decided to employ the sampled distributions directly. This avoided the need to enforce
limiting consumption rules of the kind seen in Table 18-2 and meant that the link
between real population habits and the results was stronger than was the case in the
preliminary work.

The use of TAME in this way is principally an investigation of the way doses calculated
by contemporary biosphere models vary in response to consumption habits. In this
investigation the focus is only on distribution of calculated doses on the basis of given
environmental concentrations. Within the current investigation no attempt is made to link
the transport model directly to the surveyed population size via the area of land
represented in the transport sub-model. Thus it is assumed that as much food as is required
by the entire local population can be produced on the area of maximum concentration.

This assumption is likely to be quite conservative for the case of Yucca Mountain.
Hydrogeological properties will likely limit dimensions of the plume so that not all of
the agricultural and domestic land in use would be contaminated with water at the
maximum concentrations. For example, Schwartz, in EPRI 11996], estimates that the
width of the hypothetical plume emanating from underneath Yucca Mountain would be
no wider than about six kilometers (less than three kilometers for most of the scenarios
considered) by the time it traveled 25 km downstream from Yucca Mountain. Thus, it is
reasonable to expect many future hypothetical residents in the Yucca Mountain region
would not be living directly over any plume emanating from the proposed repository.
Although it would be possible for a subset of the local population to be living directly
over the plume, not all of them would, as was assumed to generate the previous figures.

The TAME exposure pathway sub-model calculates doses from external tirradiation
and dust inhalation. In the following datasets no variation is included in the model
parameters defining exposures via these pathways. As can be seen from Table 18-1
these pathways have a minor impact (although inhalation doses from the WNp
daughters can become important if accumulation in soils proceeds over the very long
timescales discussed in Section 18.3.3). Doses for these pathways represent a reasonable
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upper limit individual dose and this can be compared to the doses calculated as a result
of consumption variability to indicate under the circumstances under which
environmental exposure pathways become important.

18.4.2.2 Full Subsistence Consumption (FSC)

Full Subsistence Consumption (FSC) is used here to denote consumption by individuals
of foodstuffs wholly derived from the region of maximum environmental
concentration. The environmental, livestock and crop concentrations calculated by the
TAME representation are then used with whole population consumption rates as if all
such consumption requirements could be met from the modeled area.

The USDA West subset from the USDA [1998] food intake survey provides the results
of 1 and/or two day individual responses to food consumption questionnaires.
Converting these values to annual intakes is potentially problematic since some
individuals report zero fluid consumption over the period of the survey, some report
no solid food consumption. These individuals could not sustain such habits over a full
year and so their contributions must be screened out. Similarly, at the other end of the
scale some of the individuals in the survey would clearly be consuming at too high a
rate to be sustained over a full year.

The lower limit for annual intake can be based on the requirement to maintain the basal
metabolic rate (BMR). For a 70 kg adult male BMR is 1650 kcal day' [Guyton, 19871.
Heat loss from the body is proportional to the area of skin and for the BMR this is at its
equilibrium value of around 103 kcal m2 day' [Nikolic, 1969]. Nikolic [1969] also relates

the area of skin to body mass by A.,.,c f . Beck 11980] cites a body mass for a 147
cm adult woman of around 42 kg. This gives a lowest reasonable BMR of around 1.8
x106 kJ ae. The lower limit for total energy is therefore taken to be 106 kJ a` for use with
the USDA [19981 database.

Individual records in the USDA 11998] database with unrealistically high consumption
rates are less easy to identify. Removing individuals from the USA Western, rural
subset of data leaves 890 sample records with the required characteristics. Figure 18-8
shows the derived distribution total energy intake for this sample. There is a range of
around one order of magnitude (as assumed in Table 18-2) but the shape is clearly not
log-normal. Of the 890 samples only five individuals lie between 3x10' and 4x10' kJ a'.
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Figure 18-8
Distribution of total energy Intake In the USA Western, rural subset of the USDA
[19981 database (adults over 20 years). Values calculated using the TAME food
categorization and employing a lower limit of 10' kJ a'.

Table 18-3
Statistical properties of the Input parameters In the FSC dataset.

parameter units mean ( geometric std dev.( n 5% 50% 95%
mean percentile percentile percentile

consumption rates

meat I_ kg a' 9.6x1O' - 1.4x102 0 6.2xO' 2.9x101

fish: I, kg a' 2.5 1.4xlO' 0 0 1.3x10'

egg: I, eggs 2.1x102 - 4.7x1b2 0 0 1.1x103

green veg.: I kg a 4.9x10' - 7.5x10' 0 2Ax1O' 1.9x1(O
root veg.: 1, kg a' 7.3x10' - 1.1x10 0 3.7xl0' 2.6xl0

fruit If,., kg a' 6.5xlO' - 1.4xlOe 0 9.8x1OO 2.8x101

milk: I. m! A' 8.9x14 - 1.2xlO-' 0 4.8x1(FY 3.lxl(T'

grain: 1,, kg a' 1.3x10 - 1.3x1 1 2.2xlO' 9.0xlO' 3M5x1 2

water (total fluid excluding mn' a' 6.6xlO ' 4.4x10' 7.0xlO' 1.1xl0' 4.5x10' 2.0
milk): I_

total food energy intake: E. kj a' 3.3xMO' 2.7xl0' 2.9xlO' 1.lxlO' 2.6xlO' 7.7xl0'

Total annual Individual dose (D.)

OTC Sv ae' 9.8x10 4 6.8x10' 1.3x104AW 2.0xiO4 6.6x104 2.5x104

n1 Sv ' 1.4x10 4 3.6xlV0 5.5x10 4 8.7x104 3.0x104 5.6x10'
2 7Np Sv a7' 4.5xl0' 2.0xlO7' 1.lxlO'V 3.9x10` 1.8xlO 15xlO
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It seems likely that these individuals may have been bingeing during the course of the
survey and as such should perhaps be excluded. However, for this investigation they
will be kept in the sample. There role in determining the dose distribution should be
monitored. Correlations in the dataset indicate that high total energy is strongly
dependent on grain consumption (rank correlation coefficient of 0.83), with meat
consumption the second most important contributor (RCC = 0.47).

Water consumption also correlates with total energy (RCC = 0.53) despite the fact that
the aggregation of all beverages (excluding milk) into the TAME 'water' pathway
implies no additional calorific intake. This results therefore suggests that larger
individuals consume larger amounts of all foodstuffs.

Figure 18-9 shows the plots of the annual individual dose ranked from highest to lowest
normalized to the sample median. In contrast to the corresponding plot in Figure 18-
7(b) the range is very much greater indicating that potential for variability as a result of
consumption habits in real present day populations is very great.
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Figure 18-9
Plots of normalized mean dose for the samples In the USDA [19981 USA Western,
rural dataset showing the range of annual Individual doses arising from variations
In the Full Subsistence Consumption rate (FSC) dataset. TAME biosphere model.
Normalized to the sample median.
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From a parameteric sensitivity analysis (results shown in Table 18-4) the key pathways
in determining dose in this case can be readily identified. Three test statistics have been
calculated - rank correlation coefficient (RCC), partial rank correlation coefficient
(PRCC) and standardized rank regression coefficients (SRRC). SPACE - the Swiss
Probabilistic Assessment Calculational Environment was used for this purpose (Sato et al.,
1998).

Total energy intake is a key factor - the more a person eats the higher the dose received.
This may seem obvious, but it indicates here that when doses are received by multiple
parallel pathways, even if a key pathway is avoided by an individual the likelihood is
that doses via the other pathways will compensate. However, fruit consumption is
dearly highly significant here for all radionuclides. Fish consumption is, as anticipated
because of the very cautions assumptions about the potential for accumulation in lake
water, also indicated as a sensitive parameter and this prompts an investigation of the
pathways.

Figure 18-10 shows the frequency of occurrence for each of the pathways as both first
and second highest contributors to total dose for each of the three radionuclides. For
'9 Tc grain is most frequently the dominant pathway in around half of the cases,
indicating that the balance of pathways is not well chosen in the original Smith et al.
(1996) dataset. Fruit consumption is dominant in just over a third. Grain is very
frequently the second most important pathway for this radionuclides and root
vegetables is second. Fruit consumption is only the second most important pathway in
around 17% of cases.

For 'I fruit is the highest contributing pathway in over 56% of cases with drinking
water (from the well) and grain consumption in second and third positions,
respectively. The second most important pathway is most often grain with drinking
water also prominent. This indicates that for 'I drinking water is the most important
pathway.

For 27Np drinking water dominates, with fruit consumption in second place, when
considering the dominant pathway contributing to total dose. Drinking water is most
often the second most important pathway but root vegetables also make a strong
showing for the second pathway. Dust inhalation contributes in second place in over
10% of cases with fruit giving the second highest dose in around 8% of cases.
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Table 18-4
Sensitivity analysis results for the FSC case: the Influence of consumption
parameters on total dose for 'Tc, '"I and 'Np. Parameters are ranked according to
absolute values of coefficients. See Table 18X3 for a definition of symbols.

I parameter ECC parameter PRCC parameter SRRC

_ _ 0.70 0.74 E. 0.89

1f 0.52 11. 0.70 1fi 0.41

r'x 0'45 E. 0.63 I r k -. 35

1" 0.44 11; -0.36 G u s , 0.34

"Tc 1 f. 0.37 I0.32 1. -0.17

1_ 0.37 I- -0.31 1~ 0.13

I.- .35 Ip0.27 I. 0.12

1. 0.32 I. 0.27 I.r 0.10

I-. 0.26 1. -0.14 1.. -0.05

Iq.w0.06 I. 0.02 1. 0.01

parameter RCC parameter PRCC parameter SRRC

E. 0.62 1 . 0.79 E. 0.71

If 0.55 ifi. 0.75 1ft 0.50

if. OA3 E. 0.52 1 f^ 0.41

1_ 0.40 1_ 0.50 [ r o 0.271

,I i1w 0.40 I. -0.28 1_ 0.26

1~ 0.38 -0.27 I. -0.16

II 0.26 1~ 0.21 I. 0.09

I. 0.25 I- -0.10 I_ -0.04

I_ 0.22 1>0.06 I.- .02

_ 1~~~I. 0.08 -0.05 I.. -0.02

parameter RCC parameter PRCC parameter SRRC

if. 0.63 ift 0.84 Ift 0.63

E. 0.44 if. 0 73 E. 0.41

h^. 0.42 1_ 0.60 1M 0.40
1L 0.42 1L 0.39 1_ 0-35

UTPI Q .036 E. 0.32 11, -0.26

[rw~~~0.25 I r0.26 0.18
0.21 1_ -0.19 1. -. 11

1_ 0.19 , . * -0.17 I -. 007
1. 0.17 I. -0.07 1. -0.03

_~~~~~. r ap09 0.0Q7 r .p0.02
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Pathway contributions to total dose showing number of occurrences each pathway
Is the dominating pathway and the number of times It Is ranked second. FSC
dataset.
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18.4.2.3 Local population consumption (LPC)

Local Population Consumption (LPC) makes the same assumptions as the FSC case
about the origin of consumed foodstuffs - they are obtained from the most
contaminated parts of the environment. Here, in contrast to FSC, individual doses are
calculated on the basis that not all of consumed foodstuffs are derived locally and that
there is a degree of import into the system.

There are 1021 records in the TRW [1997] dataset for the Amargosa Valley and
surrounding towns. As with the FSC dataset, total food energy intake was calculated for
each record. However in this scenario, wide variations in total energy are to be expected
since the quantity now calculated corresponds to total annual food energy intakefrom
local sources only. Unless a given individual was consuming close to 100% local
consumption for all possible foodstuffs the value of EO calculated here will be much less
than the corresponding values in the FSC dataset. No attempt is made to identify
unsustainable consumption rates since low values are likely to be valid results.

The statistical characteristics of the consumption rates (Table 18-5) show that
consumption rates are indeed much lower than in the general population (the FSC
dataset in Table 18-3). Even at the median level, consumption rates are zero. There is,
therefore, considerable import of foodstuffs from outside the potentially contaminated
region. Only in the case of drinking water consumption is there any significant
contribution to diet from local sources. The mean food energy intake in the LPC dataset
is only around a 50' of the FSC value. The 95' percentile ratio is around 1:25.

This has an effect on the calculated doses, but it is not as large as might be anticipated
(Table 18-6). Mean doses (for the same well water concentration) are only around 13
times higher for `Tc and S'I. For wNp the ratio is around a factor of five. The same value
is seen in the 9 5th percentile of dose for ZNp, but the situation of the other two
radionuclides is more variable.

Table 1 -5
Ratio of quantities In the FSC dataset to the LPC dataset

quantity mean dose 9 5gh percentile

E0 - total food energy intake 51.5 25.8

"Tc dose over all pathways 12.7 10.3

`1 dose over all pathways 13.5 16.7I

27Np dose over all pathways 4.9 5.6
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Figure 18-11 illustrates the range of the calculated doses for the LPC dataset. Compared
to the FSC case the ranges are somewhat smaller (when normalized to the median dose
in the sample set) and, as noted, the doses are lower all round. The picture is somewhat
complicated by the baseline external y-irradiation and dust inhalation doses which
remain at their initial (non-varying) levels. It is these doses which contribute to the
percentiles up to the median doses given in Table 18-5.

Table 18-6: Statistical properties of the Input parameters In the LPC dataset.

parameter units. Imn metnic std. dev. (o6 5% J 95%
._______________ . smea~ mean .. percentile percentile percentile

consumption rates

meat: 1_ kg a' 1.3- 6.5 0.0 0.0 5.3

fish: I. kg a' 3.7x10 - 3.AxWO' 0.0 0.0 3.7x104

egg: I. eggs a- 4.8x10' - 1.4x10' 0.0 0.0 3.0x10 2

green veg.: I, kg al 4.4 - 1.2x461 0.0 0.0 2.lxlO'

root veg.: 1,, kg a 2.1 - 7.2 0.0 0.0 1.IxIOt

frtuit ,,,, kg a- 4.5 - 1.3xlO' 0.0 0.0 2.4x1O0

milk: 1. mn A' 4.7x& - 2.8x104 0.0 0.0 9.9x10 4

grain: I,,_ kg a- 3.8xl0 - 3.7 0.0 0.0 0.0

water (total fluid excluding m! a-' 6.5xl' - 7.0xlO' 0.0 S.OxlOW 1.8
milk): 1._

total food energy intake: E. kJ a l 6.5x0' 1.8xlO' 0.0 4.lxl3 3.Oxl0

Total annual individual dose (D.,,.)

'Tc Sv a 7.7xl0 1.9xl0 1lxl0 7.3x10'4 4.5x101' 2.5x104

n1 Sv a-' 1.Ox10 2.3xl0l 1.6x10' 9.2xle0 6.4xle0 3.3x107

wNp Sv a- 9.2x104 5.4xi0 4 9.2xl j 7.2x104 6.7x104 2.8x104

The spread seen in Figure 18-11 is lower here than in the case of the FSC data and this
suggests that single pathways are important whereas in the FSC case several pathways
are simultaneously important. Here it is more likely that single pathways are dominant
in determining dose. This is confirmed in Table 18-7 and Figure 18-12. Drinking water
dominates the total dose in this scenario - being ranked first in Y ("Tc and 'I) to ¾4
(BINp) of all cases. Fruit also makes a showing for 'Tc and 'I (> 10% of cases) with dust
inhalation and external -irradiation prominent. In terms of the pathways contributing
in second place, dust inhalation is important for "Tc and 7Np and external yis for 'I.
Fruit is second in 25% of cases for 'I9 but only around 20% for the other radionuclides.
A few other pathways contribute at around 10% of the level here.
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Figure 18-11
Range of annual Individual doses arising from variations In the Local Population
Consumption rate (LPC) dataset TAME representation of the biosphere model.

The parameters contributing most to total dose are dominated by the water
consumption rate C(able 18-7). The different tests of sensitivity show different
parameters. Total energy intake often shows up and fish consumption is also fairly
highly placed, again reflecting the results of the cautious assumptions about the nature
of the surface water bodies to the south-east of the Amargosa Valley habitation.
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Fruit consumption is also frequently flagged as one of the most important influences on
total dose. Compared to the influence of water however all other parameters play little
role and very low values of the coefficients are quickly seen on descending the table.

Table 18-7
Sensitivity analysis results for the LPC case: the influence of consumption
parameters on total dose for "Tc, 1'1 and INp. Parameters are ranked according to
absolute values of coefficients. See Table 18-3 for a definition of symbols. (RCC -
rank correlation coefficient, PRCC - partial rank correlation coefficient, SRRC -
standardized regression coefficient).

parameter RCC parameter PRCC parameter I SRRC

"Tc

I.

E.

1.

I.
if.

I,,.

0.81

0.57

0.54

0.51

0.44

0.34

024

0.22

0.15

0.12

1-i

Ifa

I.

I..

1.

0.91

0.35

0.23

0.20

0.15

0.10

0.09

-0.09

0.09

0.01

1-t

a.

I.-.

1.

0.74

0.21

0.20

0.07

0.06

0.06

0.04

-0.04

0.03

0.00

parameter RCC parameter PRCC parameter I SRRC

221

ft-a

I'.

1.

I.

0.90

0.40
0.39

0.36

0.30

0.24

0.21

0.16

0.13

0.08

1-i

If-h

Ift.

I.-

I-.

I-i

I-

0.96

0.56

0.32

0.10

0.09

0.08

0.03

0.03

0.02

-0.02

1.

E,,,
I.

1-a

I.

1.
I-f

I-

0.88

0.19

0.15

0.07

0.03

0.02

0.02

0.01

0.01

-0.01

parameter RCC parameter PRCC parameter SRRC

I.-a

S.

1.

I.
I.2

I

1-i.

0.94

0.34

0.34

0.32

0.26

0.19

0.11

0.09

0.09

0.04

1.,

Iffidl

Ea.

I..

I.

I-.

0.97

0.36

0.31

0.09

-0.05

0.04

0.04

0.04

0.01

0.01

Ift

If-h

'a.

I,

I-.

1-.

0.92

0.15

0.08

0.05

-0.02

0.01

0.01

0.01

0.00

0.00
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A comparison between the FSC and LPC groups can also be made by calculating
radionuclide-specific normalized individual dose factors relative to the Smith et al. dose
factors, according to

pathways,i i

where j; are the fractional contributions to the radionuclide-specific total dose

conversion factor from pathway i in the Smith et al. data set; I, is the consumption rate

of pathway i from Smith et al. and Ii, is the consumption rate for individual j in the

survey data set for food pathway i.

Figure 18-13 plots the dose conversion factor distribution normalized to the dose
conversion factor in Smith et al. [19961 for the 'Local Population Consumption' (LPC)
and 'Full Subsistence Consumption' (FSC) cases for three radionuclides, Tc-99, 1-129,
and Np-237 (including daughters of Np-237). The ensemble of realizations of dose
conversion factors are ranked in descending order.

The FSC result in Figure 18-13 indicates that approximately half of the realizations
result in dose conversion values higher than that of Smith et al. [1996], and half are
lower. This is to be expected since the consumption rates used in Smith et al. are about
the average of the FSC values. This also suggests that it is possible to obtain a dose
conversion factor about an order of magnitude higher than the "critical group" values
employed by Smith et al. if maximizing assumptions about consumption are also added
to the maximizing assumptions that all food and water are derived from contaminated
sources (as well as other maximizing assumptions described in Smith et al.). It may be
this additional maximizing assumption in the definition of a critical group is overly
conservative.

Figure 18-13 shows that only about 2 to 30 of the more than 1000 individuals in the LPC
case (or 0.2% to 3%/D) have dose conversion factors that equal or exceed the values used
in Smith et al. (1996). This suggests that the critical group assumptions used in the
Smith et al. analyses provided reasonable upper bounds.
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Figure 18-13
Normalized Individual Dose Conversion Factors for Individuals with random
consumption habits sampled from the distribution in Talites 18-3 and 1 5. Factors
are normalized to the "critical group" dose conversion factors developed In Smith
et al. [1996], and are ranked In descending order. Normalized factors for Tc-99, I-
129, and Np-237 are shown.
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18.4.3 Sensitivity to data In the exposure pathway sub-model

Results for different representations of population groups in Section 18.42 illustrate
that a model representation of habits could lead to a surprisingly large spread in
calculated dose. Uncertainty in model outcomes was of particular interest throughout
the BIOMOVS program. Models have been tested using Monte Carlo simulations to
assess the extent of spread in model outcomes as a result of parametric uncertainty. The
question here is, given the range of doses calculated for the FSC and LPC datasets, how
does the spread in results from uncertainty in the exposure model pathway compare?

Complementary Studies [BIOMOVS II, 1996b] carried out a detailed stochastic analysis
of the full biosphere model (transport and exposure pathway sub-models) and this
found numerous reasons for uncertainty in model results. The complexity of the
exposure pathway sub-models in the participating codes was also a feature and it was
concluded that attention should be given to refining the representations of key FEPs
therein. However a detailed revision of the exposure pathway FEPs may not be
necessary if variability in population habits outweighs uncertainty in model
representations.

Starting from the position of the environmental concentrations discussed in the earlier
part of this work, an investigation of the potential for parameteric variability in the
exposure pathway sub-model only has been carried out. This then avoids the
complicating factors of elements of the transport model which have been studied in
rather more detail in the past.

18.4.3.1 PDF's based on 'realistic' parameter distributions

All parameters in the exposure pathway sub-model (excluding consumption rates
which are left at their Smith et al., 1996 values) have been assigned credible ranges
based on a variety of sources. One thousand Latin Hypercube Samples have then been
generated in order to investigate the range of model results and the sensitivity of results
to the range of inputs. The parameters considered are listed in Tables 18-8 and 18-9. The
ranges and pdfs chosen are given in Table 18-10. In general, the pdfs chosen for Table
18-10 represent normal or log-normal distributions. Although the underlying
distributions are not well known for the many of the parameters, it was felt that normal
or log-normal distributions were reasonably realistic.

12 The following section (18.4.3.2) will replace the normal and log-normal distributions used in Table 18-10 with
uniform and log-uniform distributions, respectively.
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Table 188
Non-nucilde specific parameters In the TAME exposure pathway sub-model.
Deterministic values (from Smith etaL [19961) are given. For crops fresh weight Is
used unless otherwise stated. (See Kios etaL. [1996] or BIOMOVS II [1996bJ for
details of Implementation).

parameter Description Smith et al. units
1 [19961

I.

Y2'.~

Sp

I*

Y.,

5A-W

P.*

Iwc

z

SCP

pP*

I.

IC.

a,

Annual inhalation rate

Occupational factor for contaminated land

Fractional soil contamination on grain

Irrigation coverage (interception) factor for grain

Annual yield of grain (crop growth density)

Fractional soil contamination on green veg.

Irrigation coverage (interception) factor for green
veg.

Annual yield of green veg. (crop growth density)

Fractional soil contamination on root veg.

Irrigation coverage (interception) factor for root veg.

Annual yield of root veg. (crop growth density)

Fractional soil contamination on fruit

Irrigation coverage (interception) factor for fruit

Annual yield of fruit (crop growth density)

Cattle water consumption

Cattle pasture consumption

Ratio of fresh to dry weight of pasture

Fractional soil contamination on pasture

Irrigation coverage (interception) factor for pasture

Annual yield of pasture (crop growth density)

Poultry water consumption

Poultry grain consumption

Airborne dust loading

8.77x103

0.5

1.3x104

0.128

0.4

1.3x10 4

0.238

1.5

2.0x104

0.102

3.5

2.0x104

0.51

0.7

0.06

12

5

0.01

0.357*

1

5.0x104

0.3

2.0x104

m3 4~in a`

aa

(kg soil)(kg plant)'

in! kg-'

kg mn'

(kg soil)(kg plant)

m! kg-

kg m.n

(kg soil)(kg plant)'

in' kg'

kg m-

(kg soil)(kg plantr

mi kg 4

kg mn'

zn3 d-l

kg d- (dry wt.)

(kg fresh weight)
(kg dry weight>'

(kg soil)(kg plant)

m kg

kg m'

in3 d-l

kg d-

kg in

y factors used in TAME are related to the interception factors used by Smith et al. [1996] by an expression
relating equivalent forms (cf. in Complementary Studies [BIOMOVS A, 1996b]).
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Table 18-9
Nuclide specific parameters In the TAME exposure pathway sub-model.
Deterministic values (from Smith et.A 11996J) are given. For crops, fresh weight Is
used unless otherwise stated.

Smith et al. [19961

Description "Tc 129 units
4. I I4

Freshwater fish concentration factor

Grain root uptake factor

Green veg. root uptake factor

Pasture root uptake factor

Root veg. root uptake factor

Fruit. root uptake factor

Meat accumulation factor

Meat accumulation factor

Egg accumulation factor

Food processing factor for grain

Weathering rate for grain

Weathering rate for pasture

Food processing factor for green veg.

Weathering rate for green veg.

Food processing factor for root veg.

Weathering rate for root veg.

Translocation factor for root veg.

Food processing factor for fruit

Weathering rate for fruit

Translocation factor for fruit

1.5x10 2

10

10

10

10

20

6.0x104

7.5x104

5.8x1V2

0.5

8.4

18

0.1

18

1

18

0.11

1

18

0.12

5.Ox10l

0.1

0.1

0.1

0.1

0.05

3.0x104

3.0x104

7.7x102

0.5

8.4

18

0.1

18

1

0.074

is
18

0.33

1.0x10 2

3.0x104

l.OX10,2

5.0x103

S.Ox10 4

3.0x10?

1.2x10 4

5.0x104

8.2x104

0.1

51

18

0.1

51

1

18

0.29

1

18

0.21

(kg fish)(kg water)-'

(kg plant)Qcg soil)

(kg plant)(kg soil)

(kg plant)(kg soil)'

(kg plant)(kg soil)-

(kg plant)(kg soil)'

(Bq kg')(Bq day('r

(Bq mz(n q day)'

(Bq egg')(Bq day4)'

at

a~1

a''

a''

al
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Table 18-10
Parameters sampled In the LHS-dataset for the exposure pathway sub-model. (CS
X Complementary Studies see BIOMOVS II [1996bD See Tables 18-8 and 18-9 for
parameter details. (u and orare used to define the truncated forms of normal and
log-normal distributions. Unless otherwise stated, log-normal distributions have
the mean at the center of the log of the range.).

parameter I lower I upper I j I a I source and other comments

6000 12000 9000 970.9 normal, truncated at these limits. cf. ICRP 11974] but also lower
limit based of 3 0.5 lit/breath and 15 breaths per min
[Sherwood, 19931

0, 0 1 triangular centered on deterministic value

s,_ 1.3x10W 1.3x104 log-normal (± 2 order of magnitude)

Am 0.0128 1.28 log-normal (±1 order of magnitude)

Y_. 0.2 0.6 triangular centered on deterministic value

s,. 1.3x104 1.3x104 log-normal (± 2 order of magnitude)

xU_ 0.0128 1.28 log-normal (±1 order of magnitude)

Y- 1 2 triangular centered on deterministic value

S. ,2.0x10 4 2.OxlO' log-normal (± 2 order of magnitude)

Al+ 0.0102 1.02 log-normal (± 1 order of magnitude)

Y- 2 5 triangular centered on deterministic value

sow 2.0x104 2.0x1(32 log-normal (± 2 order of magnitude)

0.051 5.1 log-normal (±1 order of magnitude)

Y. i 0.4 10 triangular centered on deterministic value

I.C 0.02 0.1 0.06 0.013 ormal, CS ranges, truncated at these limits

IFC 5 22 13.5 2.75 normal, CS ranges, truncated at these limits

Z 4 6 5 0.3236 normal, centered on deterministic. value, truncated at these
limits

SC. 0.0001 1 log-normal (± 2 order of magnitude)

Op 0.0357 3.57 log-normal (±1 order of magnitude)

Y,. 0.5 1.5 triangular centered on deterministic value

1, 1.0x10' 1.Ox1& 0.00055 0.00015 normal, CS ranges, truncated at these limits

Ia 0.1 0.6 0.35 0.081 normal, CS ranges, truncated at these limits

a, 2.0x40 8 2.0x104 log-normal (± 2 order of magnitude)

Ki 1.0x104 1 log-normal, max limits from CS

K,_, 1.0xl0J 1 log-normal, max limits from CS

K, 1.0x10 1 log-normal, max limits from CS

K_ 1.0x04V 0.1 log-normal, max limits from CS
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parameter lower upper P ol source and other comments

K_,, 1.0x10' 0.1 log-normal, max limits from CS

K4 1.OxO 10 log-normal, max limits from CS

K. 1.0x104 1 log-nor max limits from CS

K,,_ 1.0x0 4 1 max range from livestock products

K,. 1.0x10' 200 Upper limit based on upper limit cited by Smith et al. (1996)

TV 0 1 uniform

W.,,, 6.4 45A 17.05 0.317 og-normal, CS, truncated at these limits

WI 8.7 26 15.04 0.177 log-normal, CS, truncated at these limits

f. 0 1 uniform

W., 6A 45A 17.05 0.317 og-normal, CS, truncated at these limits

to 0 1 uniform

W., 6.4 45.4 17.05 0.317 og-normal, CS, truncated at these limits

T., 0.05 1 0.224 0.485 ag-normal, CS, truncated at these limits

f. 0 1 uniform

W. ,^*6A 45.4 17.05 0.317 log-normal, CS, truncated at these limits, max. range for other

Too4 0.05 1 0.224 0.485 As TRV

The spread in results is indicated in a similar manner to that used in the earlier
investigations. Figure 18-14 shows that the spread in values is rather less than was the
case for the FSC dataset but the results show a similar overall range for the normalized
doses as does the LPC case. the calculated doses themselves (Table 18-11) show a spread
around the values calculated for the Smith et al. (1996) database in Section 18.3.3.

Sensitivity analysis results indicate a range of parameters as important. Table 18-12 lists
the top ten most important parameters determining dose. Note that none of the
coefficients is particularly large, indicating that none of the parameters has an
overwhelmingly dominant effect.

For "Tc and 'I the yield of fruit and the fraction retained after processing (e.g., in
cleaning, peeling or cooking) are indicated as most important. For 2'Np they are also
prominent but the fruit root uptake factor also appears. In second place is the airborne
dust loading which determines the inhalation dose.

Other results confirm the findings of the Complementary Studies exercise (albeit with
the same model) that parameters relating to interception of irrigation water are
important - interception factors for grain and root vegetables are included in the lists.
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These results are interesting in the context of the Smith et al. [1996] database. No losses
were assumed from fruit in the original report. If, however, a value of 50% removal (cf.
IAEA [1994] for a review of some nuclide dependent factors) had been assumed then it
is likely that fruit would not have been the dominant pathway in the original results.

Figures like Figure 18-14 indicate the spread of doses resulting from the data and they
are closely related to the cumulative distribution function. A dearer impression of the
spread can be gained by plots of the histograms of total dose. these are shown in Figure
18-15 (99Tc), Figure 18-16 (mI) and Figure 18-17 (" 7Np). Plotted on the same dose scale for
each of the three radionuclides, these figures show differences in behavior. Note that
the differences in the central values of the FSC dataset consumption rates compared to
the values adopted by Smith et al. [19961 is revealed as a leftward shift of the parameter
variability results relative to the FSC case.

For 'Tc the parameter induced variability is very narrow compared the full subsistence
case. Spread in the LPC dataset is comparable to the FSC dataset but, as noted above the
mean is lower. Doses at around 103 Sv ae corresponded to dust inhalation and external
-irradiation. These pathways play no significant role in the other datasets and the other
pathways dominate.

For 'I the plots move closer together but still the spread in the parameter variation
dataset is considerably smaller than for the variability introduced by population habits.
There is evidence of bimodality in the FSC dataset with a second peak appearing at
relatively high doses. A similar feature is also seen in the case of the parameter only
dataset but it is not apparent in the LPC case. Again exposure pathway doses are
always much higher than the pessimistically calculated environmental pathway doses.

Results for WNp show the least variability and, for the LPC dataset, the external y and
dust inhalation pathways come dosest to the main body of calculated doses. The spread
in doses caused by parameter induced variability is also relatively wide. As with "3I
there are high-dose tails for parameter and FSC variability which are not seen in the
case of the LPC dataset. The LPC results are also relatively noisy.
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Figure 18-14
Range of annual Individual doses arising from ranges of exposure pathway sub-
model parameters In the TAME representation of the Amargosa Valley blosphere.

Table 18-11
Statistical properties doses arising from a consideration of parameter variability In
the exposure pathway sub-model.

Total annual individual dose Dj

radionuclide units mean (uO geometric It.dev. (a) 5% 50% 95%
mean percentile percentile percentile

9"9T c Sv a 1.1x104 1 0x0 4 6.6x10- 6.6x10° 9 9x10 1.8x104

n1 Sv a1 2.2x140 l.9x10' 3.5x10 7 1.2xl 1.8x10' 3.6xlP

'ONp Sv a1 3.6xle0 2.4x10' 1.3x40' 1.4x10-7 2.lxlO7 6.OxlO'
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Table 18-12
Sensitivity analysis results showing the Influence on total dose of exposure
pathway sub-model parameters for 'Tc, "12 and 'Np. Parameters are ranked
according to absolute values of coefficients (top ten most Influential). See Table
18-9 for a definition of symbols.

parameter RCC parameter PRCC parameter SRRC

4H 0.30 Y.,. -0.44 Yi,, -0.33

Y. -0.29 f4 0.44 f4fi 0.31

pn 0.26 A., 0.41 p, 0.28

0.26 p, 0.40 A. 0.28

'Tc 4 0.23 fr_ 0.37 f. 0.26

f Z0.20 f, 0.33 f, 0.22

W -0.19 W -0.30 p 0.19

Aft.- 0.18 N- 0.29 WF.U -0.18

0.14 L 0.24 pi 0.15

0.13 p, 0.23 f., 0.14

parameter RCC parameter PRCC parameter SRRC

f 0.28 f4 0.40 f4 0.28

Yfl., -0.26 Y,,^ -0.39 Y.,,, -0.27

Ye 0.25 p 0.38 p, 0.26
0.24 p 0.36 p, 0.25

1291 f 0.22 4 0.35 f 0.23

Kf,;, 0.22 Kf 0.34 Kft. 0.23

l f- 0.19 f. 0.30 f. 0.20

Wft.- -0.18 Wf, -0.27 Wf., -0.17

u1ft" 0.17 Aft 0.26 P,. 0.17

Tfi- 0.13 f. 0.22 ft. 0.14

parameter RCC parameter PRCC parameter SRRC

0.31 K 0.42 Kf 0.33

a, 0.24 a, 0.33 a, 0.25

f4 0.21 f. 0.29 ff4t 0.21

r,,,, -0.19 Yl, -0.26 Yf., -0.19
297Np P. 0.18 p& 0.26 p 0.19

0.17 , 0.25 p 0.18

0.16 f, 0.24 f,- 0.17

Lb 0.15 fn 0.23 fn 0.16

Aft. 0.14 f 0.19 pu, 0.14
K. 0.13 K, 0.19 K, 0.13
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Figure 18-15
Ranges of variability of total dose over all pathways for "Tc In the three datasets
considered here.
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Figure 18-16
Ranges of variability of total dose over all pathways for'"1 In the three datasets
considered here.
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Figure 18-17
Ranges of variability of total dose over all pathways forwNp In the three datasets
considered here.
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18.4.3.2 Sensitivity to data in the exposure pathway sub-model: use of uniform/log-
uniform distributions

In the previous subsection many of the parameter uncertainties used in Table 18-10
were based on normal and log-normal distributions. In this subsection the normal
distributions in Table 18-10 have been replaced with uniform distributions; the log-
normal distributions in Table 18-10 have been replaced with log-uniform distributions.
This was done to maximize the entropy of the uncertainty analysis, and to compare the
'normal' results with the 'uniform' results.

Figures 18-18 through 18-20 show pdfs from 99Tc, 'I and `Np, respectively, using the
TAME representation of the Amargosa Valley. Each plots shows histograms
representing variability in the calculated total dose due to (from top to bottom) the FSC
consumption rates, LPC consumption rates and model parameters.

The plots for the parameter variability have two plots. In cross-hatch, the dose pdf
calculated by assuming realistically shaped pdfs - normal and log-normal pdfs. The
single hatch plot shows dose calculated on the basis of the same sampled parameters
but now sampled from uniform and log-uniform distributions.

The former set are more realistic in the sense that measurements tend imply that
normal/log-normal distributions are more often found in the natural world than the
uniform/log-uniform shape. Thus the realistic forms can be used in uncertainty
analyses (UA) to compare the likely outcomes of a model whereas the latter should
really only be used in sensitivity analyses (SA) since the shapes of the uniform
distributions mean that more weight will be found in the wings of the distribution than
is likely in reality. This is useful in SA because, for a given sample size, there is a greater
chance that the model will be exercised by high-consequence sets of parameters. Ranges
(as expressed by consequence histograms) however are not a good reflection of
reasonable consequences in the real world.

Nevertheless, the results show that the main conclusions from the pure uncertainty
analysis (as was the case for the FSC and LPC datasets) hold. The spread in results from
model parameter variability (for the parameter ranges considered) is less than that to be
obtained by considering the consumption habits of real populations.

The spread of result in the uniform/log-uniform case is greater than in the case of the
realistic distributions but they are still rather less than the FSC and LPC ranges. Of
significance in the histograms is greater skewedness and the corresponding increased
weight above the mean of the realistic distributions. These higher dose tails were seen in
the realistic case but they are greatly emphasized by the uniform/log-uniform dataset.

Only in the case of WNp does the pdf approach the width of the FSC/LPC results. For
this combination further investigation might be appropriate.

18-44



The Effect of Biosphere Model Uncertainty and Human Habit Variability on Estimated Dose Rates (R. los I
Kessj

0.15 I I 11111111 I 11111111 I 11111111 I 1 111111 I I 11111111 1 11 111111 I 11111111 I 1111111

*99Tc -
*FSC dataset

a)

a)
:

$-I

a)

a)

0.10

0.05

r~rA~r~r~nnVI~iJ.~nf~. I 1

0.25 I I I111 1 - I111 1 1 I111 111 111r~~f0-~flI111

99Tc -
-LPC dataset

C.)
a)

a)

4-

a)

4-a

a)

0.20

0.15

0.10

0.05 K
n ic I I IllhZ~~~~~~~
,v.,.J

0.20
0

Q)

a)
I-

4-

P

a)

- 9 9 Tc -

-Para meter
* variability

v

vr^-rrldrll I 1 1111111 1 1 1111"1"M . 11, . I.

0.15 F

I 1111 I I 1I1111

0.10 _

0.05 realistic pdfs

a m* unlforin/log-unlfom pdfs

I 1111111 I 1 1111111 I I 1111111 I 11111111 I

N

I I0.00 wnx .....

10-14 - 10-13 10-12 10-1" 10-10 10-9 10-8 lo-, 10-6
Total dose Dot [Sv a-I]

Figure 18-18
Ranges of variability of total dose over all pathways for "Tc in the three datasets
considered here.
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Ranges of variability of total dose over all pathways for 'I In the three datasets
considered here.
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18.5 Implications for dose assessment modeling

The above numerical investigations reveal a number of interesting features relevant to
biosphere modeling in dose assessments.

Contemporary models - TAME [Klos et al., 1996], the model devised by Smith et al.
[1996] and those involved in the Complementary Studies exercise [BIOMOVS II, 1996b]
have a large amount of detail in the models for exposure pathways. Often data for
consumption rates have been based on mean values over populations or in some cases
(e.g., Davis et al. [1993]) a probabilistic methodology is used. These kind of biosphere
models are usually applied in the context of a cautious but reasonable assessment and
so, with the aim of assessing the reasonably maximally exposed individual (RMEI) the
upper ranges of the dose distributions are required.

In the dataset used by Smith et al. [1996] and incorporated into LMARC, the use of fixed
values led to fruit consumption being the most important pathway for the three
radionuclides studied ("Tc, "L2, and BINp). The results for the Full Subsistence
Consumption (FSC) case indicate that in a representative population with variable
consumption and breathing habits, pathways other than fruit have a reasonable
likelihood of being the dominant pathway for any particular individual.

Fixed (usually average) values of consumption are not well suited to this purpose (cf.
Figures 15-20). Often populations characteristics are characterized by means and
standard deviations. However, the types of distribution shown in these figures are not
easily fitted to standard forms. Although the tails at the upper ends of the distributions
are important, not all foodstuffs can be consumed at such high levels. Thus, the simple
application of data without account being taken of governing rules (i.e., the relationship
between total food energy intake and the individual foodstuff consumption rates) can
give rise to misleading or inconsistent results.

The application of appropriate habit survey data is to be recommended wherever
possible since this would help overcome the need to apply such governing rules.
Compared to the Local Population Consumption (LPC) case here it would be expected
that locally produced foodstuffs would be consumed at even lower rates such that
exposure pathways due to direct use of local water resources (e.g., drinking, cooking,
bathing) would be more dominant.

Total food energy intake is important in determining the total dose in the FSC dataset
and also to some extent on the LPC case. This indicates that it is the combination of
pathways that is important and not the individual pathways.

Of the pathways considered here fruit consumption is dearly very important however,
and this confirms the findings of Smith et al. (1996). As noted above, some of the
parameter values adopted by Smith et al. were chosen to be deliberately cautious. This

1848



The Effect of Biosphere Model Uncertainty and Human Habit Variability on Estimated Dose Rates (R KlosJ
Kewses

contributes to the influence of fruit consumption in Tablel8-4 and Tablel8-7. The
sensitivity analysis carried out on the parameter values in the exposure pathway sub-
model also shows the clear influence of parameters describing fruit doses. As both
consumption variability and parametric variability indicate the importance of fruit a
review of the representation fruit (e.g., types of fruit, types of irrigation and the
database for fruit) is required.'3

However, the comparison of the ranges arising from population consumption habits
and data uncertainty has some important implications. The results of the analysis
presented in this Section suggest variability in consumption habits contributes more to
the uncertainty in calculated doses than does the variability in the exposure pathway
parameterisation. This implies that benefit would be gained in an assessment by
focusing attention on the consumption rate database rather than on revising the
modelling of processes in the exposure pathway sub-model. Another option would be
to apply the same dataset but to add to it compartmental k, values to investigate effect
of the variation in accumulation in the biosphere.

Whatever human habits are required, by regulation, to be assumed in compliance
calculations for the proposed Yucca Mountain site, the LPC dataset is dearly very
relevant. Although fruit consumption is indicated as the most important pathway (for
the three radionuclides studied) when fixed 'critical group' consumption values are
chosen, water consumption dominates the doses from the LPC dataset by a wide
margin. A conclusion that can be drawn here is that, for a population group like that in
the present Yucca Mountain region the dose from drinking water is a reasonably
reliable estimator of the radiological impact on a potentially exposed population.

As a simplifying assumption, made for the purposes of investigating the potential for
accumulation in the surface water system, concentrations in the lake water, at the
outcropping of the biosphere aquifer, were assumed to be determined by evaporative
losses of surface water only. This is clearly a very cautious approach. The transport
model correspondingly produced high concentrations in lake water. Smith et al. [1996]
did not assume any fish consumption in their definition of the critical group
consumption rates used in their work but the USDA [1998] data for rural western
populations indicates that fish is a common part of the diet. With the cautiously high
lake water concentrations used here, fish consumption then forms an important
contributor to the doses in the FSC results. Nevertheless even with this cautious
approach fish consumption is the dominant pathway in less than 10% of cases. With a
more realistic treatment of the outcropping of the aquifer and subsequent
resubmergence water concentrations would not be so high and the importance of the
fish consumption pathway would be diminished. Similar comments apply to the LPC

1Collection of relevant fruit data is underway as part of IAEA's BIOMASS program.
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case. It should be noted however that even in the Yucca Mountain region local fish
consumption is clearly non zero.

Comparison with alternate dosimetric data sets (G. Smith)

It is also useful to compare the effect on estimated dose rates when using alternate
dosimetric data sets. A comparison has been made between dosimetric data given in
FGR 11 [Eckerman, Wolbarst and Richardson, 19881 and FGR 12 [Eckerman, and
Ryman, 1993] with those applied in Smith et al. [1996]. Note that, to make the
comparison, it is necessary to determine the treatment of short-lived daughters,
including very short-lived daughters, to determine which data are relevant for the long-
lived radionuclides and to understand how differences may have arisen.

The main data are provided in Table 18-13. They include values of dose per unit intake
via ingestion and inhalation for all the radionuclides considered in Smith et al., as well
as factors to convert radionuclide concentrations in soil and water to dose rate from
immersion and from standing on the soil. Values are listed from the respective
references and the ration of values for FGR Smith et al.

The ratios range from 0.1 to 11, but are mostly nearer to 1. This range in itself is
interesting because it reflects the scale of uncertainties, as they appear to the
decisionmaker, in this area of modelling. The effect on doses is linear for each exposure
mode (ingestion, inhalation and external irradiation), and so the effect on the
significance of an individual radionuclide will depend on the significance of each
exposure mode for that radionuclide.

For ingestion, the range of ratios is quite variable, nothing very systematic.

For inhalation, the ratios for many of the actinides are in the range of 2 to 6. This
probably reflects the implications of new tissue weighting factors and the new lung
model and is a systematic result.

For external irradiation the results are most different in cases where the photon energies
involved are low. Model uncertainties are largest for energies below 100keV and
different treatment could have been used in the different references. The zero divides
just reflect that Smith et al. [1996] had a zero entry whereas FGR12 did not Again this
reflects different of either low energy emissions or very low frequency emissions at
higher energies, as may occur due to internal bremsstrahlung.

Key radionuclides in the EPRI [1996] are I-129, Tc-99 and Np-237 with daughters. For I-
129 and Tc-99, the important exposure mode is ingestion and the ratios for both are
around 0.65, reducing the apparent impact marginally. For Np-237, ingestion is the
important exposure mode and is significantly higher (11 times) in FGR11, in part
because of assumed higher gut transfer. The effects of the U-235 and Pa-231 daughters
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co-released in the well water with Np-237 is also higher, this time because of the raised
contribution from inhalation.

Overall, the effects are not great compared to other model uncertainties. It is not
obvious that one set of results is wrong and that the other is right. The ranges partly
reflect detailed modelling differences and opinions on appropriate input data which are
not subjectable to some absolute standard. The variations provide a perspective on how
precisely some other modelling quantities should be known.

18-51



The Effect of Biosphere Model Uncertainty and Human Habit Variability on Estimated Dose Rates (R. Klos, J. Kessler)

Table 18-13
Comparison of dosimetric data from FGR 11, FGR 12, and Smith et al. [1996J.

Ingestion4 Sv Bq' Inhalation,i Sv Bq*' External Irradiation

EPRI TR- FGR-11 Ratio EPRI TR- FGR-11 Ratio Soil, Sv l'/Bq kg' Water, Sv hi/Bq Nf'

Radio- 107190 107190

nuclide 1 2 2:1 1 2 2.1 EPRI TR- FGR-12 Ratio EPRI TR- FGR-12 Ratio

107190 107190

Se-79 2.9E-09 2.3E-09 7.9E-01 3.1E-09 2.7E-09 8.6E-01 O.OE+00 5.7E-16 1.6E-16 2.1E-18 1.3E-02

Tc-99 6.4E-10 4.OE-10 6.3E-01 4.1E-09 2.3E-09 5.5E-0 O.OE+O0 3.9E-15 2.4E-16 llE-17 4.7E-02

1-129 l.lE-07 7.5E-08 6.8E-01 3.6E-08 4.7E-08 1.3E+00 4.9E-13 4.OE-13 8.1E-01 3.7E15 3.2E-15 8.7E-01

Ac-227 1.2E-06 4.OE-06 3.3E+00 5.6E-04 1.8E-03 3.3E+00 3.8E-11 6.2E-11 1.6E+00 1.5E-13 1.5E-13 1.OE+00

Th-229 1.6E-06 l.lE-06 6.9E-01 3.OE-04 5.9E-04 2.OE+00 2.9E-11 4.9E-11 1.7E-0 1.3E-13 1.2E-13 0.9

PA-231 7.1E-07 2.9E-06 4.1E+00 1.4E-04 3.5E-04 2.5E+00 1.7E-12 5.9E-12 3.5E+00 l.lE-14 1.4E-14 1.2E+00

U-233 5.OE-08 7.8E-08 1.6E+00 9.5E-06 37.E-05 3.9E+00 5.1E-15 4.3E-14 8.4E+00 2.5E-17 1.3E-16 5.2E+00

Np-237 l.lE-07 1.2E-06 1.1E+01 2.3E-05 1.5E-04 6.3E+00 1.4E-11 2.4E-12 1.7E-01 8.OE-14 8.4E-15 I.OE-01
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18.6 Conclusions

The exercise above provides an indication of the usefulness of showing the distribution
of doses in the local population. The examples showing dose distributions by rank
(Figures 18-6, -7, -9, -11, -13, and -14) still show the RMEI (the left-most position on the
curves); a critical group could also be defined by using a homogeneity criterion." For
example, if one assumes that the critical group is defined by those individuals with a
dose within a factor of ten of the highest (RMEI) dose, it would be possible to determine
the size of the critical group using the LPC method of dose presentation. In the case of
the local population considered in Figure 18-13 (the LPC case) the critical group size
would be on the order of about 102 if this particular critical group criterion were
applied.

It is important to remember that the figures above still assume that all approximately
1000 people are living over the contaminated plume. In reality, a smaller plume is
likely. In that case, the number of people exposed may be a function of whether they
live over the plume or not. Figure 18-21 shows a recent assessment of the population
distribution around the Yucca Mountain site, located at the center of the map.
Groundwater passing beneath Yucca Mountain is generally thought to travel southeast
and south of Yucca Mountain [EPRI, 19961. As suggested by Figure 18-21, there are
approximately 1000 people living within about 20 miles downstream of Yucca
Mountain. However, they are spread thinly over many miles. If the plume were
confined to just part of this area (no more than six kilometers in width, as suggested in
Chapter 7) there would likely be fewer exposed, or at least many exposed to a lesser
degree. In any case, the doses for those that do live over the plume would be shown in
any plot of local population dose distribution like that in Figure 18-6 (i.e., they would
not be "averaged" into the larger population with smaller doses).

14 A 'homogeneity criterion' is often part of a definition of a critical group to ensure that the critical group remains
representative of just those hypothetical individuals with the highest exposures.
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Figure 18-21. Population by sector In the vicinity of Yucca Mountain. Taken from
TRW [19971. The proposed Yucca Mountain site Is at the center. Groundwater flow
beneath Yucca Mountain Is considered to flow to the south-southeast Maximum
plume width 25 km downstream Is likely to be no more than 6 km [EPRI, 1996].

In the examples here the number of exposure pathways has been restricted to nine
(meat, fish, egg, green vegetables, root vegetables, fruit, milk, grain, fish and water).
The Smith et aL. [19961 assessment considered more pathways by subdividing meat into
different animal types and distinguishing between the consumption of muscle tissue
and offal. The habit survey data contains many more exposure pathways than this.
Some attention should be given to how the results seen here might change if additional
pathways were included in the assessment model. Confirmation that the restricted
number of aggregated pathways adequately represents exposure group doses would be
beneficial since a simpler model contributes to robustness and simplifies the
requirement for data collection.

Simulation of consumption rates is not straightforward. A governing rule - such as a
limiting distribution for total energy intake is required to characterize realistic
individual food pathway consumption rates. If a means of representing consumption
pdfs, with appropriate correlations could be found the methodology for representing
consumption habits in a probabilistic assessment would be greatly facilitated. Until
such a methodology is developed, the use of habit survey data probably serves better.
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This approach would be greatly complicated if it were necessary to add additional
pathways.

The representation of the Full Subsistence Consumption population here has only
included the food consumption pathways and the same approach to calculation of
doses from external y-irradiation and dust inhalation has been used throughout this
work. A more representative approach to estimating environmental exposures should
be adopted which would distinguish the FSC and LPC cases. The evolved approach
should take into account the subsistence approach related to potential area of
contaminated land and should allow for a range occupancy factors relative this area
both for the subsistence case as well as for a more realistic representation of habits in
the present day community.

A further point that requires attention is the population size that could be supported by
the potentially contaminated land at Amargosa Valley. This would need to take into
account the fact that only a small fraction of the commercially developed land and the
land for domestic cultivation could be served by groundwater from the contaminated
plume. Such a dataset would involve an assessment of the livestock being exposed to
potentially contaminated groundwater and would take into account the export of
produce out of the region. This overall approach would be expected to lead to an
additional classification of potentially exposed group for whom doses would be lower
than for the LPC group defined here.

Summary of Conclusions

* Although quite a limited comparison, the TAME and Smith et al. [1996] models of
the same desert farm biosphere provided similar results when similar parameter
values are used.

• The dose conversion factors generated by the Smith et al. [1996] biosphere model
provides a reasonable upper bound when compared to existing Local Population
Consumption behavior in the Yucca Mountain region.

* For critical group behavior characterized by exposure to a variety of pathways,
although one particular pathway may dominate, there are usually other pathways of
significance such that elimination of the most dominant pathway does NOT reduce
estimated doses by even an order of magnitude.

• For a population group like that in the present Yucca Mountain region
(characterized by a large fraction of their diet supplied by food imported from
outside the region) the dose from drinking water is a reasonably reliable estimator
of the radiological impact on a potentially exposed population.
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* For the biosphere model parameter ranges investigated, it appears that variability in
the dose conversion factors due to variability in consumption habits of individuals
in the population is greater than the dose factor uncertainty due to uncertainty in
the biosphere model parameters. This result was unexpected, and has implications
regarding the perceived need to further refine existing biosphere models.

* In the case of the proposed Yucca Mountain repository, if one assumes the future
population downstream from Yucca Mountain can be represented by the population
that exists in the Yucca Mountain today, then the number of future hypothetical
individuals with exposures as large as those calculated using IMARC in this report
(using the Smith et al. [1996] model) is likely to be very small.

* Presentation of the local population dose distribution (rather than simply the critical
group dose) will provide much-needed regulatory insight.
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A
IDENTIFICATION OF A REDUCED SET OF KEY

RADIONUCLIDES (B. WATKINS)

A.1 Introduction

The feasibility of disposing of commercial arisings of high-level radioactive wastes
(HLW) in a deep geological repository in the unsaturated tuffaceous rocks at Yucca
Mountain, Nevada is currently being investigated. These investigations are being
carried out by three main organisations, or their sub-contractors, namely the Nuclear
Regulatory Commission (NRC), the US Department of Energy (DOE) and the Electric
Power Research Institute (EPRI). Extensive site investigations and quantitative
modelling calculations are being carried out in order to undertake total system
performance assessments (TSPAs) of the ability of the site (e.g. geology and
hydrogeology) and the repository (e.g. engineered barrier system (EBS) and repository
design) to meet various design and performance objectives.

The engineered barriers and siting of the proposed repository deep within a suitable
geological medium act to isolate the wastes from the accessible environment over long
timescales. Eventually however radionuclides will move out from the repository and
be transported through the geosphere and ultimately impacts will arise in the
biosphere. The main goals of the proponents and the regulators of the proposed
repository are therefore to ensure the safety of the environment and any people who
might be living in the area at such times when any radionuclides emerge into the
biosphere.

Recent regulatory developments suggest that there will be a dose or health risk
standard as one of the criteria for judging potential repository performance. The
inventory of radioactive material which may be disposed in a HLW repository consists
of a wide range of different radionuclides arising from spent fuel. Not all the
radionuclides are equally important contributors to possible doses to the potential
group of people or individuals who might be exposed. This is because the
radionuclides have different chemical, physical and biological properties which affect
their migration and accumulation and hence their potential to cause harm.
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Whilst ensuring the safety of the potential repository is of foremost concern, there is
also the need to consider the resource implications of detailed field, experimental and
modelling investigations in support of the safety case. The objective of this report is to
focus resources effectively by examining each of the main TSPAs conducted or reported
since 1993 to determine which radionuclides are considered to be the most important
contributors to:

* contaminant fluxes into the biosphere; and

* consequent dose rates to potentially exposed groups of people or individuals,
calculated for different potential releases and release times after repository closure.

A.2 Key Radionuclides in Recent TSPAs

A.2.1 NRC TSPAs

The NRC are in the process of developing a capability to review performance
assessments submitted for application to construct and operate a HLW repository.
Summaries are provided below for the Phase 2 and Phase 3 iterative performance
assessments (IPAs) undertaken by, or on behalf of, the NRC.

A.2.1.1 IPA Phase 2

The NRC Phase 2 IPA was published in 1995 (Wescott et al., 1995). As in IPA Phase 1,
results were calculated for total and conditional complementary cumulative
distribution functions (CCDFs) for summed releases to the accessible environment. The
environmental releases were normalised to Table A-i of the US Environment Protection
Agency (EPA) standard 40 CFR Part 191. However it should be noted that maximum
concentrations of radionuclides in ground water were not compared with drinking
water standards. In addition, for IPA Phase 2 population and annual individual
effective dose equivalents (EDEs) for the potentially exposed population and
individuals were calculated. Results were presented for a 10,000 year period from
repository dosure.

In Phase 1 of the NRC IPA, twenty nine radionuclides had been considered. In Phase 2,
the starting list of radionuclides was thirty seven but this was reduced to a total of
twenty on the basis of calculations from fifty computer code runs. According to
Wescott et al. (1995), a radionuclide was retained in the inventory if it contributed more
than 1% of the EPA cumulative release limit for that radionuclide. If a radionuclide
screened out of the inventory was a parent to another radionuclide, the inventory of the
daughter was adjusted upward to account for the decay of the parent (e.g., Pu-238 was
screened out, but its decay was added to that of U-234). Table A-1 of this report
provides a list of the radionuclides considered in the NRC Phase 2 IPA.
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Table A-1
Radionuclides considered In NRC Phase 2 IPA

Nuclide Nluclide

Cm-246 Ra-226

U-238 Pb-210

Cm-245 Cs-1 37

Am-241 Cs-135

Np-237 1-129

Am-243 Tc-99

Pu-239 Ni-59

Pu-240 C-14

U-234 Se-79

Th-230 Nb-94

In Phase 2, the NRC assessment team adopted the concept of a stable, "reference
biosphere" and a "reference population". These concepts were considered to be similar
to those developed within BIOMOVS II (Biosphere Model Validation Study Phase II)
and with EPA assumptions in 40 CFR Part 191. Human exposures were evaluated
using a new module added to the TPA code called DITTY (doses integrated for ten
thousand years). DHITY estimates the time integral of collective dose over a 10,000 year
duration for releases of radionuclides to the accessible environment. The code divides
the 10,000 year duration into 143 periods of 70 years (each period being considered to
be the length of a human lifetime) and the total population dose determined for each of
the 143 periods. Doses to humans were calculated from the following exposure
pathways: inhalation; air submersion; ingestion of plant crops; ingestion of animal
products; ingestion of water; and ground-shine. It was said that aquatic pathways were
not credible exposure pathways near Yucca Mountain. The total population EDEs were
the sum (over all organs) of internal and external doses that result from direct radiation
or uptakes of radionuclides into the human body via the different internal exposure
pathways.

Assumptions for the hypothetical critical/exposure group included: year-round
residence on a farm of approximately 1093 hectares; contaminated water pumped to
irrigate two areas of the farm, the first of 88 hectares irrigated for calves and cattle, the
second of 1.2 hectares used to grow vegetables, fruits and grains for home consumption.
All drinking water was assumed to be obtained from a contaminated well at the
boundary of the repository area. It was assumed that human individuals consume 2
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used in the IPA Phase 1 assessment was 5.0 x 10-5 to 3.0 x 10-3 kg per m 3 whereas in the
Phase 2 assessment it was reduced to 2.0 x 10-7 to 5.0 x 1-4 kg per m 3. Assumptions
about the temperature of the waste packages and the repository were shown to affect
repository wetting rates and hence availability of water for dissolution of radionuclides
and redox potential.

In addition, 1-129 also contributed to normalised releases and population doses in the
base case and fully disturbed scenario due to its relatively high solubility and low
retardation. Information was not provided on dose results from the other scenario
classes modelled.

In Phase 2, some illustrative individual annual dose calculations due to drinking water
and consumption of beef were derived from the 10,000 year cumulative population
doses. It is stated that because release rates of single radionuclides were assumed to be
constant throughout the period, this could have caused an underestimate of peak
individual doses. No information was provided as to which radionuclides contributed
most to individual annual doses.

Wescott et al. (1995) also investigated the possibility of a number of volatile compounds
of Tc-99, Se-79 and I-129 being released in gaseous form as the result of normal
repository evolution or due either to changes in vapour pressure or increased
temperatures (e.g. as a result of volcanic activity). They reported that even using a
series of conservative calculations, releases were not large enough to warrant further
study.

Somewhat contradictorily, C-14 was considered to be important over early timeframes
with respect to the gaseous release pathway because of its relative abundance in spent
nuclear fuel and its relatively long half-life. From the NRC calculations, transport of
gaseous C-14 was found to be affected by variation in repository saturation, gas flow,
and temperature (e.g. heat from decaying waste). Also, under unsaturated, oxidising
conditions expected at the Yucca Mountain site, C-14 contained in spent nuclear fuel
could be converted to radioactive carbon dioxide. However, it was reported that C-14
as carbon dioxide would interact with ions in the groundwater and rock and thus
would be expected to be retarded with respect to the transport of inert gases.
Geochemical modelling showed that C-14 transport was retarded by a factor of
approximately 30 to 40 times because of the transfer of carbon between the carbon
dioxide in the gas phase and dissolved carbonate and bicarbonate in the liquid phase.
Despite this retardation, overall C-14 was identified as an important radionuclide for
releases up to 10,000 years after repository closure in the Phase 2 IPA because: it can be
released as a gas whether or not there is water present; the estimated inventory is
relatively large; and there may be direct gaseous pathways from the waste to the
surface through the unsaturated zone.
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A more detailed assessment of the key radionuclides for HLW was made in view of the
potential time period of interest being extended to one million years. In particular, the
potential of each radionuclide to deliver a radiation dose was estimated. This estimate
was made by considering the radionuclide inventory, liquid flux past the waste
packages, dissolution release rate of the radionuclides, travel time to the accessible
environment, dilution with uncontaminated groundwater, consumption of
contaminated water by humans, and subsequent conversion to dose. An 'importance
index' was calculated for each radionuclide. However such an 'index' is very sensitive
to radionuclide retardation in the far field (i.e. in the geosphere), so two calculations
were made. The first calculation of 'importance index' took account of retardation using
the best available data (corresponding to groundwater flow in rock matrix). In the
second calculation no account was taken of retardation (corresponding to groundwater
flow in rock fractures).

For the case of rock matrix transport, a cut-off of 1 millirem per year was used due to
the use of conservative input data. Results are shown in Table A-2. For radionuclide
transport in rock fractures at 10,000 years after disposal, the key radionuclides were
shown to be: Np-237, Pu-239, Pu-240, Cm-245, Pb-210, Am-243, 1-129, Th-230 and Ra-
226. This list could change with different assessment cut-off times after disposal.

Overall, Ahola et al. (1995) concluded that the radionuclides important for TSPAs are:
Cm (isotopes 245 and 246), Am-243, Pu (isotopes 239 and 240), Np-237, U (isotopes 233,
234,236), Th (isotopes 229 and 230), Ra-226, Pb-210, Cs-135, I-129, Tc-99, Se-79 and C-14
(for gaseous pathways).
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Table A-2
NRC Phase 3 IPA Importance Index (F) for radlonucildes for the case of matrix flow (cut-off
at 1 milliremlyr)

Isotope Importance Index (Fi)
in millirem/yr

lime of Delivery of Fi in
Years

Np-237
Th-229*

U-233*

U-129

7,209

6,468

499

156

C-14

Cs-135
TC-99

Ra-226*

Th-230*

Pb-21 0*

U-234

Se-79

U-236

52

42

29

24

12

12

6

5

1.3

11.7x10 4

5.2x'10 5

5.0x1 05

1 .Ox103

1 .Ox103

1.5x1 05

5.Oxl 05

2.5x105

2.4x1 5

2.5x105

4.Oxl 04

2.5x104

5.0x1 04

Note: *Indicates that the importance index for this isotope is said to have been exaggerated because
secular equilibrium of the radionuclide with its more mobile parent was assumed in the accessible
environment.

A.2.2 DOE TSPAs

A.2.2.1 Preliminary TSPA

The preliminary TSPA, (also subsequently termed the 1991 TSPA) carried out by Pacific
Northwest Laboratories (PNL) and Sandia National Laboratories (SNL) for the US DOE,
was reported in Eslinger et al. (1993). Four primary scenarios for release of
radionuclides from the potential repository to the accessible environment were
modelled. They were: a base case (expected conditions, no disruption), human
intrusion, volcanic disruption, and tectonic disruption.

In the base case, waste container degradation was followed by waste migration through
the unsaturated zone in liquid phase to the regional ground water table and in gas
phase to the ground surface. Releases to the water table were assumed to migrate to the
5 km boundary and to be extracted via a well for human use. For human intrusion, the
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consequences of four different potential drilling activities were assessed. For the
volcanic disruption scenario, uncontrolled release of radionuclides to the accessible
environment was assumed. For tectonic disruption, water table elevation and
subsequent changes to hydrological flow and mass transport were modelled.

Not all of the potential repository inventory of radionuclides was considered. It was
felt that analysis for ten radionuclides was sufficient. The selected radionuclides are
shown in Table A-3 together with the reasons given for selection. Six of the ten
radionuclides were selected on the basis of inventory activities, half-life, moderate
sorption potential or a high concentration to dose conversion factor. Only four
radionuclides of the uranium and neptunium decay chains were chosen because
normally the radionuclides and daughters are highly sorbed and hence transport is
considerably retarded in the geosphere. The ten radionuclides thus represented a cross
section of the physical and chemical properties, and repository inventories which
impact on dose calculations.

Table A-t
Radionuclides selected for the US DOE preliminary TSPA

Radionuclide Reason for Selection

C-14 The only nuclide considered to have the potential for
significant releases via gas-phase pathways.

Se-79 Moderate-inventory nuclide, moderately delayed in
transport by sorption processors.

Tc-99 High-inventory nuclide, moderately delayed in transport by
sorption processes.

Sn-126 Moderate-inventory nuclide with a long half-life.

1-129 Not delayed in transport by sorption processes, has a high
concentration to dose conversion factor.

Cs-135 Moderate-inventory nuclide, moderately delayed in
transport by sorption processes.

U-234 Uranium isotope with the highest 1000-year Inventory.

Np-237 High-inventory nuclide with very long half-life and a high
concentration to dose-conversion factor.

A-9



Identification of a Reduced Set of Key Radionuclides (B. Watkins)

Scenarios for which doses were estimated induded a base case (undisturbed repository)
and disruptive scenarios for both waterborne and surface contamination. The
waterborne scenarios were:

no disturbance, normal failure of waste containers, dilution and transport of
contaminants;

injection of waste into a shallow aquifer from exploratory drilling; and

* injection of waste into a deep aquifer from exploratory drilling.

The surface contamination scenarios were:

* gaseous release of C-14 to ground surface; and

* exhumation of contents of waste container to surface from exploratory drilling.

The dose models were based on ICRP 26 according to Eslinger et al. (1993). The doses
were calculated as lifetime (of 70 years) effective dose equivalents (sum of whole body
internal and external doses). For the waterborne release, the hypothetically exposed
person was defined on one of two ways. In the first case, the person was assumed to
live on 20,000 m 2 farm, with contaminated irrigation water used for 6 months of the
year to water livestock and grow vegetables. All food and water were considered to be
taken from the farm. In the second case, the human exposure was from drinking water
only, no significant source of groundwater was assumed. For the surface contamination
scenarios, doses from three exposure conditions were calculated. First, a drilling worker
exposed to inhalation of dust for 1 hour and external contamination for 40 hours. A 50
year dose commitment was calculated plus 20 years for residual contamination
following the 1 hour exposure. Second, a post-drilling individual who resides on
contaminated soil for 70 years and takes 25% of his/her food consumption from the
garden. Third, an external exposure only to a post-drilling individual who resides for
70 years on the soil but consumes no products from such soil.

Dose calculations were performed by SNL and PNL on behalf of DOE. It is important
to note that Eslinger et al. (1993) state that all the dose scenarios did not receive the
careful consideration that a definitive assessment would require and that data were
based on the Hanford Site not specifically for the dry environment of Yucca Mountain.

SNL calculated doses from four waterborne release runs. Base cases runs (undisturbed
repository performance) were performed using two different codes with different
ground-water flow assumptions. The remaining two runs were human intrusion by
drilling into the shallow and deep aquifers. All SNL runs were for a one million year
time span. For one of the base case runs, the most important radionuclides contributing
to dose were Tc-99 and I-129. Maximum dose rates began after 50,000 years. With a
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base case run where ground water flow was assumed to be in fractures which intercept
only a small fraction of the waste containers (and hence the inventory), maximum dose
rates were stated to occur after 4,000 years, but no statement was made as to which
radionuclides contributed most to dose. For the two SNL drilling scenarios, over 90%
of the dose was attributed to Np-237.

PNL ran ten stochastic simulations of the drilling intrusion waterborne scenarios.
Again, Np-237 was the dominant radionuclide contributor to dose. For minimum flow
rate assumptions, Tc-99 and I-129 were important.

For the surface contamination scenarios, PNL calculated that Am-243 was the most
important radionuclide contributing dose to for the drilling worker and Np-237 is most
important for the post-drilling dweller. Doses from release of C-14 were only important
for crop ingestion, not soil ingestion, in both PNL and SNL results.

Overall, the results suggest that the important radionuclides are Np-237, Am-243, I-129
and Tc-99. C-14 should be included if gaseous release pathways are considered.

A.2.2.2 1993 TSPA (SNL Second Iteration)

Volume 2 of the SNL results for the 1993 TSPA, are provided in Wilson et al. (1994).
This report provides information on the two models and the different approaches used
to calculate normalised releases to the accessible environment and the calculated dose
estimates.

The first model is termed the composite-porosity model. Using this model, the SNL
'nominal case', aqueous and gaseous releases to the accessible environment were
assessed under undisturbed conditions (i.e. undisturbed by human intrusion, or
volcanic or tectonic effects). However, climate change was included by allowing 'dry'
and 'wet' periods (Wilson et al., 1994). During wet climate intervals, the percolation
flux was increased and the water table was higher than during dry climate periods. As
in the 1991 TSPA, a number of waste container, temperature and hydrologic conditions
were applied. A total of seven radionuclides were assessed for the aqueous release
calculations using this model: Pu-239, Np-237, U-234, Pa-231, I-129, Tc-99 and Se-79. The
basis for this selection was that in the preliminary TSPA highly retarded radionuclides
had been shown not to make significant contributions either to the 10,000 year
cumulative EPA releases or to drinking water doses over one million years. Pu-239 was
included as a check to see if significant quantities were released in the model
simulations. For Pa-231, it was treated as if in secular equilibrium with U-235, so its
inventory changed with the half life of U-235. A change from the 1991 TSPA was that
the solubility of Np-237 was assumed to be five orders of magnitude higher; this was
due to differences in assumptions about oxidising versus reducing chemistry (Wilson et
al., 1994). One radionuclide, C-14, was considered in the gaseous release calculations.
Unlike the aqueous release calculations, the C-14 gaseous release calculations were
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carried out only to 10,000 years. This was because releases are unlikely to be significant
after 10,000 years due to the half-life (of 5730 years) of C-14.

Results showed that 10,000 year normalised cumulative aqueous releases were
dominated by the non-sorbing radionuclide species Tc-99 and I-129. The million year
peak dose rates were dominated by Np-237, with Pa-231, Tc-99 and I-129 making
significant contributions with dose rates about an order of magnitude below that of
Np-237. Information on normalised cumulative releases as a percentage of total for one
repository design option are shown in Table A-4. Releases of C-14 either directly as a
gas or in aqueous form were considered to be of importance only for releases
normalised to the EPA standard up to 10,000 years.

Table A-4
Composite porosity model normalized cumulative releases (and percentage of total
releases) (57 kWlacre, vertical emplacement) (SNL second iteration of US DOE 1993 TSPA)

Normallsed Cumulative Releases

104 years 105 years I06 years

Tc-99 (81.2%) Tc-99 (52.6%) Np-237 (74.4%)

1-129 (18.7%) Np-237 (32.1%) Tc-99 (16.3%)

Np-237 (0.1 %) 1-129 (14.1%) 1-129 (6.6%o)

Pa-231 (0.8%6) Pa-231 (1.9%)

Se-79 (0.2%) U-234 (0.5%)

U-234 (0.1%) Se-79 (01%o)

The second model used by SNL (called the Weeps model) simulates episodic pulses of
groundwater through the rock fractures. Climate change provided the impetus for the
changes in groundwater flow. The model was used therefore to investigate the
implications of this alternative flow concept (Wilson et al., 1994). It was assumed that
there is negligible groundwater travel time in the unsaturated zone so radionuclide
transport was only considered in the saturated zone. Different repository loadings and
designs were investigated for simulations up to one million years. Again results were
expressed either compared to the EPA standard (40 CFR Part 191), or as dose to a
potentially maximally exposed individual.
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For aqueous releases, Monte Carlo sampling was used to simulate different container
failure and release rates. For the 10,000 year period, the major contributor when
releases were low (considered the most likely scenario), normalised to the EPA
standard, was Tc-99, followed by I-129. These were considered to be the non-sorbing
radionuclides (note however that technetium, and even iodine, can be sorbed given the
relevant chemical conditions or form of the radionuclides). When release rates were
high, Np-237-followed by U-234 were the key radionuclides. Np-237 has a high
solubility so the increased groundwater flow through the repository affects neptunium
availability. Although plutonium was one of the more abundant radionuclides in the
assumed inventory, releases to the accessible environments were found to be
insignificant due to retardation in the saturated zone. Results for the weeps model
normalised releases are given in Table A-5.

Table A-5
Weeps model normalized cumulative releases (and percentage of total releases) (57
kWlacre, vertical emplacement) (SNL second Iteration of US DOE 1993 TSPA)

Normalised Cumulative Releases

104 years 1 years 106 years

Np-237 (55.2%) U-234 (50.5%/O) U-234 (45.7%)

U-234 (28.2%) Np-237 (41.1%/h) Np-237 (45.0%h)

Tc-99 (12.1%) Tc-99 (4.90%) Tc-99 (4.1%)

1-129 (2.8%) Se-79 (1.2%) Pu-239 (1.8%)

Pa-231 (1.0%) 1-129 (1.1%) 1-129 (1.2%)

Pa-231 (1.0%) Pa-231 (1.2%)

Se-79 (1.0%)

For gaseous releases, the weeps model predicted fewer releases of C-14 than the
composite-porosity model. This was assumed to be due to the fact that failures, other
than early container failures and contaminant releases, occur only when in contact with
a pulse of groundwater. Again, releases were only important over the 10,000 year
period due to the half-life of C-14.

Dose calculations (whole body doses from drinking water) were undertaken for both
the composite-porosity model and the weeps model. In each case, and for different
repository waste placement strategies or thermal loadings, similar results were
obtained. The most important radionuclide was Np-237 due to its relatively large
inventory, relatively high solubility (under oxidising conditions) and low retardation,
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long half-life, and high dose conversion factor. Peak annual individual doses from both
model calculations for each of the key radionuclides expressed as a percentage of total
are given in Table A-6. Peak individual doses were generally higher with the weeps
model than the composite-porosity model since 'dry' periods resulted in lower
dilutions. Doses were not significant for gaseous releases to the atmosphere of C-14 due
to atmospheric dilution.

Table A-8
Peak Individual dose a percentage of total for two models at different time after repository
closure (SNL second iteration of US DOE 1993 TSPA)

Composite - Porosity Model

104 years 105 years 108 years

Tc-99 (66.7%) Np-237 (81.5%) Np-237 (96.9%)

1-129 (33.1%) Tc-99 (15.8%) Pa-231 (7.6%/)

Np-237 (1.2%) 1-129 (9.1%) Tc-99 (6.5%)

Pa-231 (6.2%) 1-129 (4.2%)

Weeps Model

Np-237 (94.7%) Np-237 (97.0%) Np-237 (97.1%)

Pa-231 (6.0%) Pa-231 (6.4%) Pa-231 (6.5%)

U-234 (3.8%) U-234 (4.5%/1.) U-234 (4.6%)

Tc-99 (2.1%) Tc-99 (2.0%) Tc-99 (1.9%)

1-129 (1.0%) 1-129 (1.0%)

SNL also investigated human intrusion by drilling and magmatic activity. Results
were expressed only as probabilities of occurrence. No information was provided
about key radionuclides. This is understandable because consequences would depend
on timing of intrusion and the type, number and contents of the breached containers.
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A.2.2.3 1993 TSPA

The 1993 TSPA reported by Andrews et al. (1994) concentrated on developing
modelling for: the waste package and engineered barrier system performance; and
gaseous and aqueous flow and transport. Alternative repository thermal loading
conditions, different outer and inner waste package thickness and various waste
package failure modes were investigated. Results of the aqueous transport and gaseous
transport of released radionuclides were obtained using the RIP code and the two sets
of results were combined to provide information for radionuclide emergence into the
accessible environment. The dose estimates were an extension of the aqueous transport
calculations.

For calculated releases to the accessible environment at 10,000 years, cumulative masses
released for each radionuclide were normalised to the EPA limits for releases. Tc-99,
Np-237 and C-14 were considered to be the main potential contributors from the
various release combinations investigated. The dominant radionuclide was reported to
be C-14 due to the gaseous release pathway. Tc-99 was insignificant with a normaised
release of less than 1E-6; no releases of Np-237 were calculated to occur over the 10,000
years.

For similar release condition combinations, but at 100,000 years, the relative importance
of radionuclide releases to the accessible environment changes with time. Before 20,000
years, C-14 again dominates, but after this time Tc-99 is important.

If radiation dose exposures from the aqueous pathway releases are considered then
some changes in the relative importance of radionuclide contributions were found.
Dose analyses were conducted using the same data sets and engineered barrier
combinations (i.e. different repository thermal loads and container thicknesses), but a
simulation time of one million years was used. No gaseous transport pathways were
included.

The hypothetically exposed individual was assumed to be a person that obtains all
drinking water and crop irrigation water from the contaminated saturated zone.

Changing the assumed repository thermal load did not change the dominant
radionuclides, it simply changed the timing and magnitude of the peak doses. The
important radionuclides were again Tc-99 and Np-237; additionally I-129 and Pb-210
made significant contributions to doses.

Changing the waste package container thickness was also investigated in relation to
effects on dose over the one million year timescale. As with different thermal loadings,
the dominant radionuclides did not change but timing and magnitude of dose were
affected. For example, increasing the outer container thickness to 45 cm (from 10 cm)
delayed the peak dose for Tc-99 by 50,000 years and reduced it by 60%. Solubility
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limited radionuclides such as Np-237 were less affected in terms of peak dose.
However, it was also noted that retardation coefficients of some key radionuclides such
as Np-237 could affect dose rates if they were to be found to be less than the
conservative estimates based on laboratory, not field, measurements. Solubility and
sorption characteristics are thus important especially for long-lived radionuclides.

A.2.2.4 1995 TSPA

The US DOE 1995 TSPA was undertaken by a number of organisations and is reported
in Atkins et al. (1995) (note only preliminary draft was available for information). In the
report, predicted releases and doses at the accessible environment were evaluated using
a number of sensitivity analyses. Different repository designs and natural system
behaviour scenarios were considered. These included: low and high thermal loading;
three backfill conditions; three waste container degradation models; low and high water
infiltration rates in the unsaturated zone; climate change including changes in water
table level; and effects of matrix diffusion and fracture continuity. For these scenarios
cumulative releases at the accessible environment boundary over 10,000 years
normalised to EPA values were calculated. Doses were also calculated for a potentially
maximally exposed individual (MEI) from drinking contaminated water over 10,000
and one million year time periods. Information is summarised below only with respect
to which radionuclides were found to be key contributors to results.

For the 10,000 year calculations, the non-sorbing radionudlides were reported to
dominate both normalised releases and MEI dose exposures in the accessible
environment. Tc-99, I-129, Cl-36 and C-14 were the important radionuclides. For
release rates, Tc-99 was the dominant radionuclide. For the normal release scenario,
peak dose to the MEI was composed of equal doses from Tc-99 and 1-129 due to the
higher dose conversion factor for iodine. It was noted that Cl-36 and C-14 may also
contribute to doses as they can be released across the EBS as gases and then become
associated with the aqueous phase and then be incorporated into living matter.

For the one million year calculations, doses were found to be affected by the assumed
infiltration rates. For low infiltration, I-129 dominates the exposures at all times. For
the high infiltration case, Np-237 and Th-229 at late times and Tc-99 and I-129 at early
times produce highest dose exposures. It was stated that long-lived, relatively sorbed
nuclides such as Np-237 and Th-229 are not important for low unsaturated zone
infiltration over the very long timescales. Dose rates for non-sorbing radionuclides
such as iodine and technetium are spread out over a much longer time interval and
peak doses are lower for the low infiltration case compared to the high infiltration
scenario. It was considered that 1-129 crosses the EBS in the gas phase, with the release
into the geosphere being a function of the dissolution rate and not a function of the
number of waste packages in contact with a dripping groundwater flow. Once beyond
the EBS, iodine dissolves from the gas phase into the aqueous phase. Doses from iodine
would therefore be similar irrespective of infiltration rates. High infiltration affects
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availability of Tc-99 however, hence the higher peaks in dose. Doses for low infiltration
rates were considered not to be of regulatory concern.

Np-237 was a significant radionuclide for scenarios with matrix diffusion. However the
breakthrough to the accessible environment and timing of peak doses was delayed
compared to the base case scenario without matrix diffusion.

Overall, Np-237, 1-129 and Tc-99 were considered to be key radionuclides, although
Th-229 and C0-36 were also shown to be important.

A.2.3 EPRI Phase 3 TSPA

Kessler et al. (1996) noted several changes to the potential repository design and
advances in the understanding of potential repository performance since the previous
TSPA (Phase 2 ) undertaken by EPRI and its sub-contractors. Changes included
container design, areal density and mass loading of the repository together with a better
understanding of groundwater flow and contaminant transport. In addition, important
changes are likely to occur in legislative and regulatory requirements, including
introduction of a dose/risk based standard. As a result, EPRI have improved their
TSPA code, IMARC, to include: estimations of individual dose rates up to one million
years; climate change; different groundwater fluxes (net infiltration and deep
percolation); hydrothermal effects with different wetting of waste packages; different
fractions of the repository subject to wetting; different waste container failure rates; a
new hydrology model; thermo-mechanical analysis; and a range of external hazards
which could impact the repository performance (e.g. earthquakes and human
intrusion).

Previous versions of IMARC calculations focused on calculating total releases of
radionuclides at or past the 5 km repository boundary. In addition to aqueous releases
via groundwater, gaseous releases of C-14 were considered, as with other TSPAs,
because this radionuclide was considered to be the main contributor to radionuclide
total releases over the 10,000 year post-closure period in relation to the EPA standard
(40 CFR Part 191). With the new regulatory developments the emphasis has moved
from releases to annual dose rates for individuals or members of a potential exposure
group or groups. Information on biosphere dose calculations [Smith et al., 1996] and
key radionuclides from the Phase 3 TSPA calculations are provided below. Normalised
releases (compared to the EPA standard) have not been considered.

For the main base case model runs, seven radionuclides were shown to be the leading
contributors to doses. These were: Se-79, Tc-99, 1-129, Np-237, U-233, Th-229, and
Pa-231 (including Ac-227). Tc-99 and 1-129 gave the largest contribution to dose; their
contribution occurs after 10,000 years but within 100,000 years. The reason, as noted
above, is due to their lack of retardation in the geosphere. At later times (around
300,000 years) Np-237 is the key radionuclide contributor to dose. Within one million
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years, additional key contributors to dose are Pa-231, Th-229 and U-233. Se-79 also
makes important contributions to pathways other than the drinking water pathway.

Tc-99 was found to be important partly because it is assumed that it will not be retarded
in the Yucca Mountain tuff geology. With variations in repository thermal
assumptions, higher Tc-99 doses were calculated. Groundwater flow assumptions also
affected Tc-99 results since this radionuclide is considered to be reaction rate limited.
Reduced flow increases travel time in the unsaturated zone. However, technetium
remains an important radionuclide since changes to the base case scenario simply
changed timing and level of peak doses. What would affect doses would be changes in
the assumed very low solubility of the radionuclide.

Np-237 was shown to be sensitive to thermal processes but not flow factors.
Neptunium is more retarded than Tc-99 but more soluble; this results in longer travel
times but greater availability. This together with both high inventories and dose
conversion factors leads to its importance at later time periods.

I-129 is an important radionuclide because it is both soluble and it is not retarded in the
geosphere. It is therefore expected to make a significant contribution to drinking water
doses.

Timing of doses from Tc-99 and I-129 could be affected by assumptions about waste
container failure distribution. For example, if it is assumed that all waste canisters fail
at the same time and the timing of the release were to be less than the radionuclide half-
lives. Calculations for this variant of the base case scenario (e.g. all canisters failing at
1,000 years after repository closure) showed that these were the only radionuclides
which would affect doses.

Overall, the results from the TSPA showed that the most important radionuclides which
contributed to individual dose results were I-129, Tc-99 and Np-237 (and its daughters,
including U-233 and Th-229). Some other radionuclides were important given early
release scenarios, whilst others would be important if very extended timeframes (out to
one million years) were to be included in the TSPA.

A.3 Conclusions and Recommendations

With recent regulatory developments, the emphasis for biosphere calculations is on
individual or potential exposure group annual dose rates not on releases normalised to
the EPA 40 CFR Part 191 standard. This has shifted the emphasis to those radionuclides
that are readily transported to the surface or near-surface environment (i.e. have a high
solubility and/or low sorption characteristics) and also have the potential to have an
important impact on human doses (i.e. have a high release rate and/or a high unit
concentration to dose conversion factor).
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Conversely, high sorption coefficients (e.g. for uranium, plutonium) are important
parameters because they slow the transport of radionuclides to the biosphere enough to
cause different releases for different realisations of the repository EBS. For example, the
high sorption coefficient for plutonium is important because as a result, little of the
radionuclide reaches the biosphere. However, if the sorption coefficient for plutonium
should be found to be lower than present values suggest, or if colloid formation and
transport become important, then it is possible that this radionuclide will be more
significant. Np-237 is a key radionuclide because it is likely to have a large inventory in
the proposed repository, under oxidising conditions it is relatively soluble, it has a long
half-life, it is relatively unretarded during transport through the geosphere and, like
other actinides, it has a high release to dose conversion factor.

Magmatic activity could affect temperatures in the vicinity of the repository and as a
result might affect the volatility of some radionuclides with potential to be transported
in rock fractures in the gaseous form (e.g. 1-129, Tc-99, Se-70). This may warrant
investigation if natural disruptive events and potential impacts on repository
performance and safety have to be considered in a safety assessment.

Different scenarios and modelling assumptions (e.g. about thermodynamic effects on
repository wettability or repository redox conditions on radionuclide chemistry and
speciation) used in the different TBPAs tend to shift timing of release, the actual peak
release period or release duration, but generally they do not affect the overall
importance of the different radionuclides and they do not have major impacts on the
peak dose rates.

From the above review of TSPAs conducted or reported over the last five years it can be
seen that the most important factors which govern whether a radionuclide is key in
terms of impact in the biosphere on doses to potentially exposed individuals or groups
are:

* total inventory;

* radionuclide half-life;

* solubility and adsorption potential;

* characteristics of the geological strata and the geochemistry of the of the pore waters
through which, and in which, the radionuclide is transported;

• dose per unit intake conversion factors;

* what assumptions are made about selected exposure groups for which dose
calculations have to be undertaken; and

* what release and exposure pathways are included in the TSPA calculations.
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Table A-7 summarises information on the main radionuclides which have been
highlighted in the various TSPAs reviewed above. Overall, analysis of assumed
radionuclide inventory concentrations, radionuclide half-life (or ingrowth from
daughters), physical and chemical characteristics associated with solubility and
adsorption potential, and properties which lead to a high flux to dose conversion factor
show that a relatively small number of all the potential radionuclides present in the
waste inventory are likely to be key contributors to dose. For the groundwater release
pathway the important radionuclides can be seen to be:

• Np-237 (and its daughters U-233 and Th-229);

. I-129;

. Tc-99;

• plus some others which will depend on whether scenarios other than the normal
evolution are included in the TSPA, or if assessment timeframes are extended to
1E+5 years or beyond.

Generally it is recommended that human and monetary resources are concentrated on
obtaining relevant information, data and modelling results for these key radionudlides.
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Table A-7
Relevant Information for radionuclides Included In recent TSPAs

Radionuclide Important Time Solubility Sorption Flux to Dose Other Comments
Frame (y) Convertion

Factor

C-14

Tc-99

1-129

Se-79

Nb-94

Pb-210

Am-241,243

Np-237

Ra-226

Cm-245,246

Pu-239,240

Pa-231

Th-229, 230

U-233,234

Cs-135

CI-36

E3

>E4 to >E5
(1)

>E4 to >E5
(1)

>E4 to >E5

E3 to E4

E4 to >E5

>E4 to >E5

High

High

High

(5)

(6)

Low

Medium Medium

Low

Low (2)

(3)

E5 to >E6 Medium
(4)

>E5 Low

>E5 Low

>E5 Low

>E5 to >E6 Medium

>E5 Low

>E5 Low

>E4 Medium

E3 High

Medium

High (2)

High

Medium

High

High

High

Medium

High

High

Medium

Low

- Gas release pathway only. Not
significant for doses.

Low High inventory and release
concentrations. Potentially
volatile.

Low Potentially volatile.

Medium Contributes to non drinking water
pathways. Potentially volatile.

Medium Only mentioned In IPA2. Not
ranked in IPA3.

High In-growth from U-238

High Included in IPA2,3 on inventory
concentrations, not shown to be
of major importance.

Medium Important in TSPA91 human
intrusion scenario.

High In IPA3 importance exaggerated
(7).

High Included In IPA2,3 on inventory
concentrations, not shown to be
of major importance.

High High inventory in TSPA91.

High Relatively important in TSPA93
and EPRI calculations.

High High inventory in IPA3.

Medium

Low IPA3 only. Important only for
matrix flow, not fracture flow,
calculations.

Low Gas pathway. Included in
TSPA95.

Sn-126 >E3 to >E5 High Medium/
High

Medium Moderate inventory in TSPA91,
but calculations showed not key
contributor to fluxes except for
human intrusion.
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Notes for Table A-7

1. In EPRI calculations, Tc-99 and 1-129 may appear earlier in the time-frame (from >E3
to E4) only if all canisters are assumed to fail at the same time (1,000 years post
closure) or the underlying geology is assumed to offer no barrier to transport.

2. Characteristics similar to those of parents: Ra-226, Th-230, U-234.
3. The solubility of americium depends on speciation and on other elements with

which it is associated (e.g. americium flouride can be relatively insoluble, but the
chloride form can be relatively soluble).

4. A higher solubility was assumed in TSPA93 than in TSPA91.
5. Sorption characteristics of C-14 vary with chemical form and on other elements with

which it is associated.
6. Most TSPAs assume it is not sorbed (i.e. sorption is low), but it should be noted that

sorption can vary according to chemical speciation of the radionuclide.
7. In IPA3, importance was exaggerated because secular equilibrium with its more

mobile parent was assumed.
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B
SUMMARY OF SENSITIVITY STUDIES ON

CORROSION-PRODUCT SORPTION COEFFICIENT

(W. ZHOU AND M. J. APTED)

B.1 Source Term Study

In Section 9 of this report a series of TSPA results and sensitivity studies were
presented. Some of those sensitivity studies, as well as additional studies provided in
Section 14, indicated a significant dose reduction for some of those radionuclides
sorbing to a 10 cm layer of corrosion products that was assumed to remain adherent to
the outside of the corroded containers.

The purpose of the study presented in the appendix is to examine and understand the
sensitivity of corrosion-product (CP) Kd by running COMPASS, the source term code
used in IMARC (see EPRI [1996] and Section 6 for a description), using the data file
provided by Risk Engineering (REI). The primary parameters are:

* canister failure at 1000 years,

* 4000 year alteration time for the U02 matrix,

* "high" solubilities, and

* 5 mm/yr infiltration rate.

The nuclides of interest are:

* Se-79,

* Pu-239 -+U-235-+Pa-231,

Np-237 -4U-233 -* Th-229, and

. Pu-242.

The half-lives and inventories of these nuclides are listed in Table B-1.
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Table B-1
Nuclide Data (from REI)

Nuclide Half-life (yrs) Initial Inventories (moles)

Se-79 6.5x1 04 0.707

Pu-239 2.44x104 196.0

U-235 7.1x10' 392.0

Pa-231 3.3x104 3.07x10-

Np-237 2.14x16' 55.3

U-233 1 .59x1 0 2.25x1 04

Th-229 7340 5.47x10g

Pu-242 3.79x105 15.9

Before reporting results, it should be noted that the presence of other isotopes of Pu, U
and Th, the different decay constraints of in-growth chains, inventories, and shared
solubility limits can greatly complicate predicted results. Omitting these isotopes
improves IMARC computational efficiency, but at the risk that a selected subset of
isotopes may not give the same results as if the full set of isotopes were considered.

It is important to see the variation in retardation factors as K, changes because it is the
retardation factor that really measures the sorption effect. For example, in non-
dispersive transport, the location of concentration front at a given time is determined by
vIR (pore velocity divided by the retardation factor) instead of just v. The retardation
factor is defined as:

R=1+ (1-e)pK
ES

(eq. B-1)

where E is porosity, p is bulk density of [kg/mi], and S is saturation (O < S • 1). When
R = 1, there is no retardation. When R >> 1, there are strong retardation effects. Both 14
and R for CP provided by REI are listed in Table B-2 along with elemental solubilities.

Table B-2
Lists of Kd, R, and Solubility values for the Nuclides [EPRI, 1996].

_______ ~Low Kd HiqhKd Solubilit
Elements [m3/koll R I [m3/kcl R [moles/I1i

__Se__ 0 1 1 8420 7
PU__ ______0.3 2527 5 42096 1.OOE-06
U! 0.05 422 1 8420 2.OOE-04
Nr2__ 0.05 422 1 8420 6 OOE-04
> Th 0.1 843 5 42096 7.00E03
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Figure B-1 shows aqueous concentrations of radionuclides in the waste-form
compartment (assumed no sorption but subject to solubility limit), that are plotted to
see behaviors of these nuclides before being released into the CP compartment. In
COMPASS, these concentrations are assumed to be the same regardless of what K,
value is used in the CP compartment (i.e., neglecting downstream mass-transfer
resistance).

1E+01

1E+00 Se79

IE-01 .........--- Pu 239 .

1E-02 U-235

aE-03 __ - - 7 - - Pa-231

~-1E-04 N-3
5;lE0-O H i 5 \ .. - Np-Z37

IE-06 _ - -| U-233
1E-06 -

>~~~~~~~~~~~~~~~~~~ .E\ . Th-229
,IE 037 Pu-242|

IE-08I
IE-09

1 E-10

IE-11~~~~~~~~~~~~~
dE-12 I
1E-13

IE-14~~~~~~~~~~~~
1E-15

IE+03 IE+04 1E+05 1E+06

Years

Figure B-I
Aqueous concentrations of radionuclides In the waste form compartment.

This figure provides the following insights. In the waste-form, Se-79 and Np-237
concentrations are set due to rapid transport out of this compartment and the alteration
rate. Note that their concentration decreases simultaneously at 4000 years, confirming
that they are alteration-rate limited. Pu-239 and Pu-242 are solubility limited and
display the characteristic increases in solution concentration of the longer-lived isotope
over time (Pu-242). They fall off at about 2x105 yrs due to half-life and inventory
exhaustion. U-233 and U-235 are also solubility limited. Note that the mass fraction of
U-233 relative to U-235 in solution is higher than the ratio of initial mass fraction in the
spent fuel. This is attributable to the large initial mass of Np-237 relative to initial mass
of U-233. U-233 falls off at about 5x104 yrs due to inventory exhaustion (the decay of
Np-237 is extremely slight in this time period and in the waste form compartment). The
U-235 concentration falls at about iO' yrs due to inventory exhaustion. The initial
inventory of Pa-231 is exhausted at about 8x104 yrs, causing a decline in Pa-231
concentration. After this time, ingrowth from U-235 takes place, resulting in a more
slowly decreasing Pa-231 concentration. Pa-231 is gone as U-235 is exhausted at about
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3x105 yrs. Th-229 follows its parent U-233. The release rates of these nuclides from the
waste-form compartment to the CP compartment follow the same pattern as the
concentrations because the release rates equal the concentrations multiplied by the flow
rate.

Figures B-2 and B-3 shows concentrations in CP compartment for low and high K,
coefficients, respectively. Before looking at these figures, keep in mind that both
solubility and sorption tend to lower the peak and broaden the band of aqueous
concentrations over time of nuclides in a given compartment.

In Figure B-2, the concentration of non-sorbing Se-79 is alteration-rate controlled until
after the alteration of the U02 matrix is complete, then the concentration falls gradually
due to the downstream mass transfer resistance (the concentration falls quickly if the
bare canister and zero concentration imposed in the host rock are the case). Although
Np-237 has the same profile in concentration as Se-79 in the waste-form compartment,
the profile of the concentration over time in the CP compartment is broader than Se-79
due to sorption (see Figure B-4 and Table 2). Similarly, due to sorption, all other
nuclides persist in the CP compartment longer than they persist in the waste-form
compartment. Pu isotopes are solubility limited in the CP compartment. When the
aqueous concentration of Pu-239 falls at about 105 years, the aqueous concentration of
Pu-242 increases, typically indicative of shared-solubility effects. U-235 is always
solubility limited due to its long half-life and large inventory. U-233 is also solubility
limited; but again, its mass fraction in solution compared to U-235 is higher than in the
initial spent fuel because of the large mass of initial Np-237 compared to initial mass of
U-233. That is to say, there is significant in-growth of U-233 from Np-237 relative to
initial U-233. After alteration of the fuel matrix, concentrations of Pa-231 and Th-229 are
controlled by their parents U-235 and U-233, respectively.

Figure B-3 presents the aqueous concentrations of these nuclides in the CP
compartment when high sorption coefficients are assumed. It can be seen that peak
concentrations are lowered and the bands are widened due to stronger sorption effects
for non-solubility as well as inventory-limited nuclides.

Because the CP is the first barrier that is encountered by nuclides released from spent
fuel, sorption in CP will affect release rates at the edge of the EBS, as shown in Figure B-
4. As expected, release rates with lower K, values are higher than with higher K, values.
The sorption impact is not very strong for U-235 because it is solubility-limited, except
at very early times. Sorption has strong effects on Se-79 and Np-237, consistent with
aqueous concentration behaviors shown in Figures B-2 and B-3. For Pu isotopes,
sorption affects their release rates for up to 3x104 years. After this time, Pu release rates
are controlled by its solubility limit. There are about one to two orders of magnitude
differences in release rates of Pa-231, U-233, and Th-229 daughters due to different CP
Kds, as well as impacts arising from solubility and inventory constraints in parents.
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Figure B-2
Aqueous concentrations of radionuclides In CP compartment for low Kds.
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Figure B-3
Aqueous concentrations of radionuclides In CP compartment for high Kds.
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Figure B-4a
Comparison of release rates using highn and "low" CP Kds.
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Figure B-4b
Comparison of release rates using "higho and "low CP Kds (continued).
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6.2 Effect of CP Thickness

The above example shows that a 10-cm thick canister produces sorption effects that
cannot be neglected. Another case, using 1 cm thickness for CP, was examined to assess
how sensitive the releases are to thickness of the CP. These are shown in Figures B-5
and B-6. It can be seen that impacts on release rates are greatly reduced for this thinner
CP case. Because the CP is the first barrier that released radionuclides have to
overcome, and there are no other components that can provide a bypass, sorption in CP
can be a sensitive parameter for some nuclides. Even in a very thin CP, a large change in
the retardation factor (i.e. Se-79) can partition considerable mass of a nuclide onto the
solid, broadening and lowering the peak release of the nuclide from this compartment.
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IE+OO + Se-79 (high)

lE-O0 -U- Pu-.39 (high)

IE-02 - U-235 (high)
1E03 + Pa-231 (high)
1E-04 eN (lo)
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- IE-06
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1E-06 DW- a Pa-231 (low)C4 1E-08
U~ IE-09

lE-11

1E-12

1E3-13

1E-14

lE-is

1E+03 IE+04 1E+05 1E+06

Years

Figure B-5a
Comparison of release rates using "hlgho and Ilow' CP Kds with CP thlckness,=
1 cm.

B-7



SUMMARY OF SENSITIVITY STUDIES ON CORROSION-PRODUCT SORPTION COEFFICIENT (W.
Zhou and M. J. Apted)

1E+01

lE+00 - Np-237 (high)

IE-O -U- U-233 (high)

1E-02 -&- Th-229 (hgh)
1E-03 - Pu-242(high)

a E04S 1E.0-4- Np-237 (low)

- E-OS
O -E{6 \ - U-233 (low)

I E-06 00000-

.@ IE-07 -F- Th-229 (low)
1E-08 9re Pu-242 (low)

1E-09

M1c

- lE+0-l+U-3

IE-011-______U23n p

lE-12

1E-13

1E-14

lE-15

lE+03 lE+04 lE+05 lE+06

Years

Figure B-5b
Comparison of release rates using "high" and low" CP Kds with CP thickness
1 cm.
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Figure B-B
Aqueous concentrations of uranium Isotopes with and without Np-237 In the
waste-form compartment
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B.3 Effects of Solubilities and Alteration Times

From the above examples, we see the important effect of solubility. Solubility controls
aqueous concentrations of many nuclides. Only nuclides in the aqueous phase are
assumed to be mobile. For a nuclide with a low solubility in the waste-form
compartment, the lost amount of nuclides in the aqueous phase due to sorption is
quickly replaced by precipitated nuclides. Hence, the aqueous concentration can be
mathematically unchanged regardless of whether K, is high or low.

For the same reason and for a given elemental solubility, the number of isotopes for this
element, their initial inventories, and the volume of pore water can determine if and
when the nuclide is subject to a solubility limit. If a radioelement has a high solubility,
the waste-matrix alteration rate (which controls the amount of nuclides released into the
pore water per unit time) and the rate of water flowing through the waste-form (which
controls the amount of nuclides removed from the waste-form pore water per unit time)
will be important.

Here, we present results from a simple sensitivity study quantifying the range of
solubilities and alteration times in which the CP K4 becomes sensitive. The parameter
range and Case ID are shown in Table B-3 below. The "low", "medium", and "high"
solubilities are obtained from Apted and Zhou (1996). A CP thickness of 10 cm is
assumed.

Table B-3
Parameter Range and Case ID used In the Sensitivity Study

Alteration High CP K, Low CP K,

Time (yrs) Low Sol. Med. Sol. High Sol. Low Sol. Med. Sol. High Sol.

1000 A B C J K L

10,000 D E F M N 0

100,000 G H I P Q R

The plots of release rates are induded in Section B.8. The results are summarized below:

Se-79: Peak release rates are sensitive to the CP K,, in all cases.

Pu-239: Only early releases are sensitive to the CP K, in all cases.

U-235: Overall release rates are not sensitive to the CP K. in all cases.
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Pa-231: At low solubility, only early releases are sensitive to the CP K ,, Release
rates are sensitive to the CP K, in all other cases.

Np-237: Release rates are not sensitive to the CP K, at low solubility;
At medium solubility, only early and late release are sensitive to the CP

At high solubility, peak release rates are sensitive to the CP KU.

U-233: Release rates are sensitive to the CP K, only at high solubility.

Th-229: At low and medium solubilities, only early releases are sensitive to the
CPK ;
At high solubility, peak releases are sensitive to the CP Kd.

Pu-242: Peak release rates are sensitive to the CP K, only at high solubility and
1000-yr alteration time; Only early releases are sensitive to the CP K, in
all other cases.

B.4 Effects of Isotopes and In-growth

In the above analyses, U-238 is not considered. If the large inventory U-238 is included,
the results for U-235 and U-233 may or may not be different. Considering the large
initial inventory (about 102 times larger than initial U-235 and 108 times larger than
initial U-233), significant impacts might be anticipated. Accordingly, test calculations
including U-238 were made. These examples include all uranium isotopes of the
previous examples. In order to examine the U-233 release rate as impacted by decay of
Np-237 (a nuclide shown to be sensitive to CP K4,) two runs were conducted, one
including Np-237 and the other excluding Np-237.

All nuclide data are the same as above examples. U-238 has a half-life of 4.5x109 yrs and
initial inventory of 34200 moles.

Aqueous concentrations of uranium isotopes in the waste-form compartment are
shown in Figure B-6. Compared with Figure B-1, it can be seen that the concentration U-
235 drops two orders of magnitude because of the presence of U-238. The shared
solubility limit of uranium (Table B-2) is essentially all composed of U-238, with much
smaller mass fractions of U-235 and U-233. Compared with Figure B-1, the
concentration of U-233 decreases by four orders of magnitude if Np-237 is not included.
Even with Np-237 included as U-233's parent, U-233's concentration in the waste form
compartment is still about two orders of magnitude lower than the case if U-238 is
absent (Figure B-1).

Aqueous concentrations of uranium isotopes in the CP compartment calculated using
different K, are shown in Figure B-7. It can be seen that concentrations of U-235 and U-
238 are essentially insensitive to CP Kd. The same is true for U-233 if Np-237 is not
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present. With Np-237 included, concentrations of U-233 in the CP compartment are
increased by about four orders of magnitude. Comparing U-233 concentrations in
Figures B-2, B-3, and B-7 for the CP compartment, it can be seen that the presence of
Np-237 is the dominant control of U-233 concentration in solution, with only an
extremely minor (< 10%) lowering due to the presence of U-238 in this particular case.
The control by Np-237 arises because of the massive inventories of initial Np-237
relative to U-233 and the sorption of Np-237 in the CP compartment. With a Np-237
initial inventory that is five orders of magnitude greater than initial inventory of U-233
(see Table 1), even a small amount of decay from Np-237 will exceed the initial
inventory of U-233.

1E+0 0 w U-235 0ow)1E4-OI

lE-01 A A Ali _ &_*3k~k A&& A & A- U-233 (low, no Np)

1E-02 U-238 0ow)

, 1E-03 _ _ _ _ _ _ ' 0 ' 0 ' - - _ _ .O U-235(igh)

1E-04 -6-- U-233 (high, no Np)

IE--106 6 - - U-238 (high)
p 1E-07 / U-233 (low, with Np)

' 1E-08

1E-09

a IE-I10I E-11

IE-12

IE-13

IE-14

IE-15
lE+03 lE+04 lE+05 1E+06

Years

Figure B-7
Aqueous concentrations of uranium Isotopes In CP compartment with "lown and
high" Kdand with and without Np-237.

Figure B-8 compares the release rates of uranium isotopes with the presence of U-238
both with and without Np-237. It can be seen that all of the nudides are almost
insensitive to CP Kd, when Np-237 is excluded, consistent with the concentration
observations. The releases of these isotopes are controlled by their shared solubility
limit. Comparing this figure with Figure B-4, it can be seen that the release rate of U-235
is decreased by two orders of magnitude due to the presence of U-238. With Np-237
included, the overall.U-233 release behavior is controlled by decay of parent Np-237,
within the additional constraint of the shared uranium solubility limit. Because Np-237
is sensitive to CP K,, the proportion of U-233 in solution follows this decay, also
impacting its daughter, Th-229.
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Figure B-8
Release rates of uranium isotopes using difference Kds with and without the
presence of Np-237.

B.5 Effect of Natural Barrier (Geosphere)

If the calculated dose rate at the accessible environment (AE) directly reflects the
sensitivity of CP Kd, concerns could arise in terms of credit of natural barrier. The
geosphere acts as a barrier to escaped radionuclides by, at least, sorption,
diffusion/dispersion, and matrix diffusion. Although a reliable EBS is needed within a
strategy of redundant barriers, the retardation capability in natural barrier should also
be an important factor in providing long-term isolation of wastes from AE. Retardation
in geosphere includes:

B.5.1 Dispersion

In Pigford (1983), dispersion is defined as:

"The expansion of a moving plume or band of contaminant carried by a moving
fluid in a porous medium. It is caused by non-uniform distribution of fluid
velocities that are due to effects of pores and fractures in the rock. The principal
effect is to reduce the average concentration of contaminant in the plume.'

This is re-iterated in a recent paper by Apted and Pigford.
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Mathematically, dispersion is included in the diffusion coefficient tensor that has both
transverse and longitudinal dispersions and can be anisotropic. The mechanism of
dispersive transport is mathematically the same as molecular diffusion. The magnitude
of the coefficient, however, is related to fluid velocities. Hence, the higher the velocities,
the stronger the dispersion effect is.

Transverse dispersion tends to spread the plume in directions perpendicular to flow.
Longitudinal dispersion tends to spread plume along the flow directions. Although
longitudinal dispersion may cause an earlier breakthrough of a small amount of
radionuclides, the magnitude of the release front is greatly lowered.

B.5.2 Molecular Diffusion

In a real system, sources of released radionuclides may not be spatially uniform. The
actual concentration gradient may not be in one direction. Diffusion effects tend to
spread the plume and make the concentration distribution uniform. This helps delay
the migration of the plume and lower its peak.

B.5.3 Matrix Diffusion

In fractured rock, matrix diffusion tends to equilibrate mass transfer between the matrix
and open fractures. Thus, the plume peak decreases along the plume migration
pathway as nuclides diffuse into the matrix. When the plume passes, fresh water flows
into fractures. Matrix diffusion then causes the nuclides stored in the matrix fluid to
diffuse back into fractures.

In all of the above-mentioned dispersive/diffusive mechanisms, mass flux is
proportional to concentration gradient according to Fickis law. Hence, a source with
narrow band and high peak (such as Se-79 without sorption) may have a higher
transversely diffused flux than a wide band and low peak source (such as Se-79 with
sorption). The key advantage of dispersion/diffusion is that it is a physical, not
chemical, effect. Hence non-sorbing nuclides are also impacted by this process.

B.5.4 Sorption

Sorption in geosphere is the same as sorption in the near-field. In a sorption process
described by the assumed linear sorption model, a portion of nuclides from aqueous
phase is taken onto solid phase according to the relationship:

C, = P4dCa (eq. B-2)

where Cs is the solid concentration and Ca is the aqueous concentration.
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This indicates that a narrow band and high peak source could result in more nuclides
sorbed onto solid than a wide band and low peak source.

All these retardation effects in geosphere should reduce the dose differences due to
different source terms. With any of these mechanisms induded, the difference in dose in
AE should not be, at least, greater than source term differences. There may be an
exception for the decay products of nuclides that are sensitive to parameters in the EBS.

B.6 IMARC Geosphere Transport Model

1MARC geosphere transport model includes UZ and SZ models. The UZ model is one
dimensional, which is equivalent to uniform sources across the repository. Hence,
retardation due to transverse diffusion and dispersion are not included. Sorption,
matrix diffusion, and longitudinal diffusion and dispersion are included. Parameters
related to these mechanisms should be examined to explain why the water table
concentrations show little or almost no retardation between the EBS to the water table
for some nuclides.

In the SA model, all the above mechanisms are considered. Differences in dose should
be no greater than the source-term differences except for nuclides that are decay
products of some other nuclides. If no retardation can be found, parameters related to
above mechanisms should be examined.

B.7 Summary

Should the corrosion product layer, and specifically sorption in the CP layer, be included within
future total system performance assessments using IMARC?

Based on the limited sensitivity analyses reported here, only qualitative guidance can be
provided to this decision at this time. There is a confluence of factors that complicate
release from the EBS in general, and from the CP layer in particular. These factors
include matrix alteration rate (or alteration time), radioelement solubilities, advective
flow rate through the EBS, inventory of nuclides, sorption coefficients, shared solubility
among actinide isotopes, and the impacts of the four different actinide decay chains
(particularly in-growth of daughters and grand-daughter nuclides). The answer to the
above question depends on the relative values selected for all of these factors.

What can be inferred at this time to guide a decision about including the CP layer?

Sorption by the CP layer should not impact the release of long-lived, solubility limited
species that does not have multiple isotopes with widely different half-lives. Np-237, for
low solubility values (see later) meets these requirements.
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CP sorption can impact pulsed releases, however. The impact of sorption on peak
release rate of nuclides from the CP layer will increase with increasing narrowness and
height of any release pulse that enters into the CP compartment from the waste-form
compartment. Therefore, we can expect CP sorption to show significant impacts on
release out of the CP layer when

(a) matrix alteration rate is fast (alteration time is short, such as 4000 years or
less),

(b) the concentration of the radionuclide in the waste-form compartment is not
solubility limited (e.g., Se-79, I-129),

(c) the CP K, value for a specific nuclide changes from 0 to a non-zero value,

(d) advective transport is relatively fast, and/or

(e) the concentration of the nuclide in the waste-form compartment drops
sharply because of inventory exhaustion.

Based on the IMARC parameters provided by REI, Se-79 is expected to show such
sensitivity to CP sorption. It is highly soluble, has a relatively low inventory, is assumed
to have a K4 value of 0 changing to a moderately high value, and the alteration time
assumed for the fuel matrix is relatively short. I-129 would also be expected to show
similar behavior for the same set of values and changes in K4 value. Certainly an impact
was previously seen by REI when small, yet finite, sorption of 1-129 on the cement
invert was considered. The only caveat is that Se-79 is much shorter lived than I-129, so
there is also some potential for higher sorption by the CP layer to attenuate Se-79
release via radioactive decay.

What are the issues with respect to actinide decay chains?

We have previously cautioned about possible complications arising from ignoring the
complete four actinide decay chains and shared solubility limits among actinide
isotopes. In the current set-up for MARC calculations provided to us by RET, the
dominant uranium isotope, U-238, is not included. The initial mole abundance of U-238
in spent fuel is about two-orders and eight-orders of magnitude greater than the moles
of U-235 and U-233, respectively. Other uranium isotopes, such as U-234 and U-236 are
also much more abundant than U-233.

In the set-up provided by REI, only U-235 and U-233, both with relatively small initial
inventories, are included. This leads to the incorrect prediction that both U-233 and U-
235 will become inventory exhausted in the waste-form compartment. This is because a
much higher proportion of these two isotopes is partitioned (via the shared uranium
solubility constraint) into the water phase in the "no U-238" case than if U-238 were also
present. This creates two problems:
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(a) the release rate profiles of these two isotopes (and the same maybe true for
Pu) are truncated by inventory exhaustion, a process that will not occur
under expected repository conditions even at high uranium solubility
values, and

(b) the flux out of the EBS of these two isotopes (and hence the flux of their
daughters and grand-daughters) will be much too high.

There is also the issue of decay chain in-growth. This is particularly important for in-
growth of new U-233 from Np-237 because of the massive amount of the latter nuclide
relative to the former nuclide.

Is realistic treatment of actinides important?

For a nuclides such as Th-229 and Pa-231, decay products of U-233 and U-235
respectively, it probably crucial to indude all initial isotopes and their inventories. The
dose consequence of such daughters depends more on the primary mobilization of their
parent nudlides from the waste form than they depend on the mobilization of initial Th-
229 and Pa-231 from the waste form. The same is true when considering the impact of
mobilization of Np-237 on U-233. Thus, sorption by the CP layer may lower the "pulse-
like" release of U-233 and U-235 (hence, lower eventual doses from Th-229 and Pa-231)
for the current IMARC set-up, but may not impact their release if U-238 and other
uranium isotopes were included. This is observed to be true for U-235. The impact on
U-233 is made more complicated because of the new U-233 created by decay of Np-237.

What about Np-237?

The currently assumed uncertainty in Np solubility values spans a range that
apparently changes Np from a "solubility-limited" nudlide to an "alteration-rate
limited" nuclide. Recognizing this, the DOE has spent considerable time and effort to
derive a better (and much lower) solubility value for Np: The revised values are two
orders of magnitude lower than previous DOE estimates. This change alone may
mitigate the impact of CP sorption on Np-237 release, as well as possibly impacting
U-233 and Th-229 releases.

B.8 Plots of Release Rates from Sensitivity Studies

In this section, plots of release rates of radionuclides obtained from calculation Cases A
through R (see Table B-3) are provided.
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BIOSPHERE MODELLING AND DOSE ASSESSMENT

OF ALTERNATIVE GEOSPHERE/BIOSPHERE

INTERFACES FOR YUCCA MOUNTAIN (A VENTER, G M

SMITH, B M WATKINS, M EGAN, R H LITTLE)

CA Introduction

The purpose of this section is to report on further developments in biosphere modelling
to aid assessment of the candidate HLW repository at Yucca Mountain. The biosphere
provides a link between the geosphere system and the ultimate impact of contaminants
on humans. The boundary between the geosphere and the biosphere systems will
depend on the context of the assessment, as well as the system being studied.
Definition of the boundary requires an understanding of the geosphere-biosphere
interface (GBI), and thus also of the groundwater flow system leading up to the
interface. Existing Yucca Mountain flow models used to estimate doses to future
hypothetical exposure groups have not extended as far as the locations of groundwater
discharge. The stratigraphy of the discharge location(s) is not known and neither is the
nature of the discharge to the surface (fracture or diffuse flow). However, it is known
that groundwater is presently being abstracted from wells, and that the groundwater
discharges to the surface into some relatively small, shallow pools.' The discharge
probably is via fracture flow. Another feature of the present day environment is the so-
called playas - large areas of evaporites that are formed by diffuse discharge of
groundwater to the surface environment. The evaporites (salt deposits) are formed due
to the high evaporation rate in the area. Contrary to expectations, the evaporites do not
form a layer that seals the surface off. This can probably be attributed to a high rate of
wind erosion.

'It is unclear whether water entering existing pools originated from shallow saturated zone groundwater flowing
directly underneath Yucca Mountain.
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Biosphere Modelling and Dose Assessment of Alternative GeospherelBiosphere Interfacesfor Yucca Mountain (AVenter, G M Smith, B M Watkins, M Egan, R H Little)

Two biosphere-geosphere interfaces are being considered in the biosphere modelling
for Yucca Mountain. The first was that of a deep well sunk into an aquifer. This hasbeen discussed in a previous report [Smith et al, 19961, and is summarized in Section 8.This biosphere model provides the flux-to-dose conversion factors used in both IMARCPhase 3 [EPRI, 1996] and in the IMARC Phase 4 code used in Part I of this report.
However, the Smith et al. [1996] biosphere model allows for only a limited analysis ofuncertainties and the effects due to human habit variability in a geosphere/biosphere
interface limited to withdrawal of contaminated groundwater via a well. The
alternative biosphere model presented in this appendix forms the basis for extending
those analyses spatially. Furthermore, these additional analyses can provide the basisfor estimating doses to alternative exposure groups, and for estimating individual dosedistributions (as discussed in Section 18 and in BIOMOVS 1 [1996]) across a potentially
wider vicinity around the Yucca Mountain site. By evaluating these additional
geosphere/biosphere interfaces, EPRI is not necessarily proposing that they need to beincluded in the compliance assessment. Rather, the analyses in this appendix providean illustration of additional regulator/scientific confidence concerning radiological
protection for the post-closure phase of a HLW repository at Yucca Mountain. Thisadditional confidence is in the form of additional assurance that the dose conversion
factors used in [MARC, based on the Smith et al. [1996] biosphere model, do notreasonably underestimate the potential radiological impacts of the candidate YuccaMountain HLW disposal facility.

In this appendix a geosphere release to a pool and a playa is considered. The pool
represents groundwater release via a fractured medium. The playa represents
groundwater release via a porous medium. The playa is conceptualised as an area of 10ha, where the rate of evaporation equals the rate of discharge into the upper soil,
resulting in a surface layer of dried soil/evaporites. Wind erosion is assumed toprevent the evaporites from sealing off the surface, so maintains long-term steady-state
playa conditions.

As stated previously, development of a biosphere model requires an understanding ofthe groundwater flow patterns (both far-surface and near-surface) and the manner inwhich groundwater is being discharged to the surface. There was no need to consider
the near-surface conditions for the well GBI. This appendix evaluates the potential
importance of the near-surface environment for the second interface. Indications arethat the differences between the well GBI and the pool/playa GBI are such that betterapplication of the near-surface groundwater flow system is warranted.

In assessing the impact of groundwater release to pools/playa, the same
methodological approach was followed as in assessing geosphere release to a well
[Smith et al, 1996]. This approach can be summarised as follows:

Assessment context: The assessment context should answer questions about what is tobe calculated and why (see Section 13 for additional discussion).
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Biosphere System Description: In order to estimate dose to humans, consideration
needs to given to the biosphere into which future releases of radionuclides might occur,
as well as the associated future human behaviour.

Identification and Initial Screening of Features, Events and Processes (FEPs)

The independently derived international biosphere FEP list documented in BIOMOVS
II [1996] was used as a starting point to derive a specific FEP list for the biosphere
assessment for Yucca Mountain. Using information from the assessment context and
system description, additional FEPs relevant to the assessment were identified and
included, whilst those considered not to be relevant were screened out and the reasons
documented.

Identification of FEP Relationships and Conceptual Model Development: An
"Interaction Matrix" was then used to identify relevant FEPs and their relationship.
This approach provides a convenient way to represent the biosphere system and
associated FEPs in a logical and traceable manner. The Interaction Matrix was used to
develop a conceptual model of the migration and accumulation of radionuclides
through the biosphere system and subsequent exposure of humans.

Specification and Implementation of Mathematical Model and Associated Parameter
Values

Next, the conceptual model was expressed in mathematical form as a group of algebraic
equations which formed the basis of the mathematical model. Data values for the
parameters were specified as for the well interface [Smith et al, 1996] and where
possible data specific to Yucca Mountain data were used. The mathematical model was
implemented in the AMBER compartment modelling application [QuantiSci, 1998] to
allow dose to an average member of each exposure group summed across all relevant
pathways and chain members for a unit flux of each relevant radionuclide into the
pools/playa to be calculated.

C.2 Assessment Context

The requirements of a Performance Assessment can have an impact on the list of
potentially relevant biosphere features, events and processes (FEPs) for that particular
assessment [BIOMASS WD2, 1998]. More specifically, the context of the assessment will
be important in defining the model boundaries (both temporal and spatial), relevant
assessment endpoints, and the biosphere system identification and justification. The
components of the Assessment Context for this study are discussed below.
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C.2.1 Assessment purpose

To provide additional regulator/scientific confidence concerning radiological
protection for the post-closure phase of a HLW repository at Yucca Mountain. This
additional confidence is in the form of additional assurance that the dose conversion
factors used in LMARC, based on the Smith et al. [19961 biosphere model do not
reasonably underestimate the potential radiological impacts of the candidate Yucca
Mountain HLW disposal facility.

C.2.2 Radiological Endpoints

Indicative estimates of annual effective dose equivalents to members of hypothetical
critical groups. The nature of the doses and hypothetical critical groups, and
conversion of doses to risk, have been discussed in Smith et al [1996], and were
summarized in Section 8.

C.2.3 Assessment Philosophy

In this study, a cautious assessment philosophy is followed [Smith et al, 1996]. Thus,
both parameter values and characteristics of the exposure group (the 'critical' group)
were assumed so that the resulting dose conversion factors are unlikely to have been
underestimated.

C.2.4 Site Context

An inland site situated in a warm, arid climate (Yucca Mountain). Future climate
change is not considered.

C.2.5 Source Terms and Geosphere Release

Analysis of assumed radionuclide inventory concentrations, radionuclide half-life (or
ingrowth from daughters), physical and chemical characteristics associated with
solubility and adsorption potential, and properties that lead to a high flux to dose
conversion factor shows that a relatively small number of the potential radionuclides
present in the waste is likely to be key contributors to dose (see Appendix A). For the
groundwater release pathway Np-137 (and its daughters U-233 and Th-229), 1-129 and
Tc-99 have been identified as the most important.

Unfortunately, details of the Yucca Mountain saturated zone flow system extending as
far as the locations of groundwater discharge to the surface are poorly known. Thus,
the exact nature of the discharge (fracture or diffuse flow) is not known. Possible
contaminant concentrations in the groundwater at the point of discharge to the surface
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are also not known. Therefore, in this appendix, a unit release rate (Bq ye) of each
radionuclide in a given m3 y4 being released naturally into a pool as well as a playa is
being considered. The pool represents groundwater discharge via a fractured medium
and is assumed to have a volume of 100 m3. The playa represents groundwater release
via a porous medium and is assumed to have an area of 10 ha, where the rate of
evaporation equals the rate of discharge into the upper soil, resulting in a surface layer
of dried soil/evaporites. Wind erosion of the Vvaporites is assumed to occur at a rate
equal to evaporite formation. This assumption was adopted to avoid long-term build-
up of evaporites in the playa, so prevents the evaporites from sealing off the surface.
(Figure C-1).

Not to Scale

A~~~~~~l At&

. ,jA/* . i , ., <z
2

>tb

Figure C-1
Diagram of geosphere release via fractured medium (pools) and porous medium
(playa) to the biosphere

C.2.6 Timeframe

Unconstrained, but the assessment is done in snapshots (long enough for equilibrium to
develop for one unit release).

C.2.7 Societal Assumptions

There are many problems in trying to define future hypothetical groups of people who
might be exposed to radionuclides being released into the geosphere. Unfortunately a
single international definition of exposure groups cannot be achieved since there are
differences in regulatory guidance/criteria, potential future biospheres, repository
locations and types, and in assessment approaches. It is assumed that there will be a
"critical group" of people located in the area of discharge. All foods are assumed to be
produced locally using modern farming methods. Urban/industrial activities are not
considered. Water from the pools is consumed directly and used for irrigation and
watering livestock directly. The biosphere system is assumed to be in dynamic
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equilibrium, i.e. modifications of the biosphere system such as digging of new pools are
excluded.

C.3. Biosphere System Description

A general problem in biosphere modelling is that, because contaminants will only be
released into the biosphere in many thousands of years, it is difficult to justify particular
hypothetical assumptions for the biosphere at the time of release. This lead to the
Reference Biosphere Methodology, that is currently under further development in the
international BIOMASS Programme on Biosphere Modelling and Assessment Methods
[IAEA, 1996]. Within the Reference Biosphere Methodology, the Biosphere System is
defined as a set of specific characteristics that describe the biotic and abiotic
components of the surface environment and the relationships that are relevant to safety
assessments of solid radioactive waste disposals [BIOMASS, 1998]. The components of
the Biosphere System are defined as: human activities, climate, topography, location,
geographical extent, flora and fauna, near-surface lithostratigraphy and water bodies.
Thus the Biosphere System for this study is defined as follows:

Human activities: It is assumed that there will be a "critical group" of people located
in the area of discharge. At present, there are no pools and playas in the Amargosa
Valley area where agriculture is currently practiced, but to facilitate comparison
with the well interface, it is assumed that the critical group in the area of the
pools/playa is similar to the critical group considered for the well interface in Smith
et al [19961. Only activities consistent with present day practices assumed to occur
in or around Amargosa Valley are considered, and it is assumed that all foodstuffs
consumed by the exposure group are produced locally using modem farming
methods.2 Water from the pools is consumed directly and is also used directly for
irrigation and watering livestock. Urban/industrial activities are not considered.
The biosphere system is assumed to be in dynamic equilibrium, i.e. modifications of
the biosphere system such as digging of new pools are excluded.

• Climate: Present day climate in Amargosa Valley, i.e warm and dry (no climate
evolution).

• Topography- Terrestrial plain

* Location: An arid inland site resembling Amargosa Valley near Yucca Mountain,
Nevada

• Geographical extent Soil local to groundwater release to the surface environment. In
this report a sandy soil was considered.

2 1is conservatism was explored in Section 18.
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Flora and fauna: Only flora produced on agricultural soil (i.e irrigated with
contaminated water) is considered. Consumption of wild animals is not considered
part of the current human activities in Amargosa Valley therefore the only fauna
considered in this study are farm animals (cows, pigs, sheep and chickens), i.e.
animals that consume contaminated water from the pools and pasture irrigated with
contamnated water from the pools.

* Near-surface lithostratigraphy: It was assumed that the variably saturated zone is
overlain by sandy soil. The thickness of the soil is taken to be 0.3 m. The aquifer is
assumed to be at a depth of 3 m (equivalent to the depth of the pool).

* Surface water bodies: At present, there are no perennial rivers in Amargosa Valley,
thus the only surface water body being considered is a pool, similar to the pools
found at Ash Meadows.3

C.4 Identification and Initial Screening of Features, Events and Processes
(FEPs)

As in the previous report on the well interface [Smith et al, 1996], the independently
derived international FEP List documented in BIOMOVS 11 11996] was used as a starting
point to derive a specific PEP List for the pools/playa biosphere system. Each of the
FEPs has been examined and the relevance of each to the pools/playa biosphere system
has been determined. Inclusion or exclusion of a FEP is indicated by a Yes (Y) or No
(N) in Section C.11. The reason for exclusion/indusion is listed in the Comments
column of Table.

C.5 Identification of FEP Relationships and Conceptual Model Development

In Section 16 and the previous report on the well interface [Smith et al, 19961, the
"interaction matrix" approach to the listing of FEPs and conceptual model justification
and development was described. The same approach is followed in this appendix. The
first iteration of the interaction matrix developed for the pools/playa interface is shown
in Figure C-2. Each of the leading diagonal and off-diagonal elements is defined below.

3 This is not to imply that the authors believe the water filling the pools in Ash Meadows originated from shallow
groundwater passing directly beneath Yucca Mountain. Rather, the authors are assuming hypothetical pool(s) with
such a hydrologic connection might look like those of Ash Meadows.
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C.5.1 Definition of Leading Diagonal Elements (LDEs)

The definitions below for the Leading Diagonal Elements (LDEs) 1.1, 2.2, etc. apply to
Yucca Mountain, but are consistent with those given in BIOMOVS II [19961.

1.1 Source term: Contaminated water in aquifer (not affected by biosphere related
FEPs)

2.2 Permanent saturated zone: Near surface aquifer or other saturated region below
the variable saturated zone. In this case, the saturated zone is defined as the part
of the geosphere between the contaminated aquifer and the surface media
(biosphere part of the GBI)

3.3 Surface water bodies: Surface water bodies including the process of evaporation
and suspended sediment contained in pools as in Fig 1

4.4 Bed sediments: Bed sediments (including the sediment pore water), covered
by a surface water body, in this case the pools.

5.5 Variable saturated zone: Zone of soil below top soil extending to the permanent
saturated zone

6.6 Agricultural soil: Soil maintained for agricultural purposes through the use of
irrigation water (other surface soils are outside the domain of the biosphere
model)

7.7 Playa: Area of land receiving diffuse discharge of aquifer to surface. High rate
evaporation results in formation of evaporites. Wind erosion prevents evaporites
from sealing off the surface.

8.8 Atmospheric environment: The air normally breathed by humans and animals,
including dust and aerosols in it. Atmospheric properties taken to include some
aspect of weather and seasonality

9.9 Flora: Agricultural plants only (i.e. irrigated plants only) Processes such as
translocation are included. It is assumed that no plants grow in the playa soil.

10.10 Fauna (excluding humans): Includes processes such as contaminant movement
within and between fauna, e.g. consumption of animals by animals

11.11 Human community: The community that can be sustained through farming and
water supply from the discharge in 2.2

12.12 Exposure group: Representative members of the Human Community defined
for the purposes of determining radiological exposure.
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C.5.2 Definition of Off-Diagonal Elements (ODEs)

Each ODE is discussed briefly below, one row at a time. The ODEs affecting lower LDEs
are considered first, and then the ODEs affecting upper LDEs.

Source Term Row

1.2 The movement of radionuclides in water from the geosphere part of the
aquifer to the biosphere defined part of the aquifer

1.3-1.12 No interaction

Permanently saturated zone row

2.3 Discharge from saturated zone to pools.

2.4 Discharge and/or diffusion

2.5-2.6 No interaction

2.7 Discharge from the permanently saturated zone into the playa

2.8 No interaction

2.9 Uptake by deep-rooted flora

2.10-2.12 No interaction

2.1 No interaction

Surface water body row

3.4 The main process is flow from the pool water through the bed sediments
to the saturated zone. This is a process that is specific to the site. The
processes of sedimentation and diffusion directly affect contaminant
migration and also reflect on-going changes in the system, e.g.
accumulation of sediment affecting the boundary between surface water
body and adjacent soil.

3.5 Leakage of water from the pool back into the permanently saturated zone

3.6 Irrigation with water from the pools

3.7 Overflow from pools to playa
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3.8 Aerosol formation, degassing, volatilisation

3.9 Uptake from irrigation/flooding/overflow, including the process of
interception. Also direct uptake by waterplants

3.10 Ingestion of drinking water by animals

3.11 Water supply for human activities

3.12 Direct exposure to immersion (e.g. during swimming). Also ingestion of
drinking water

3.1-3.2 No interaction

Bed Sediment row

4.5 Conversion to variably saturated soil

4.6 Conversion of bed sediment to agricultural soil as sediments dry out, also
dredging.

4.7 Conversion of bed sediments to marsh soil

4.8 No interaction

4.9 Root uptake/aquatic flora.

4.10 External contamination of fauna with bed sediments, e.g. cattle rolling in
mud.

4.11 No interaction

4.12 External contamination of humans with bed sediments, e.g. during
swimming or fishing. Also inadvertent ingestion during, for instance,
swimming.

4.1 No interaction

4.2 Flow from the pool via the sediments back to the saturated zone. This
process is specific to the site.

4.3 Resuspension of bed sediments in pools due to bioturbation, etc.
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Variable Saturated Zone Row

5.6 Upward transport of water above the water table due to drying of the soil.
Also weathering (wind erosion)

5.7 Upward transport of water above the water table due to drying of the soil.
Also weathering (wind erosion)

5.8 No interaction

5.9 Uptake of water and nutrients from the variably saturated zone by deep
rooted flora

5.10 No interaction

5.11 Land uses, materials resources (e.g. building materials)

5.12 External contamination, inadvertent ingestion.

5.1 No interaction

5.3 Leakage/discharge of water from the variable saturated zone into the
pools

5.4 Erosion of the variable saturated zone by, for instance, runoff

Agricultural Soil Row

6.7 Conversion of agricultural soil to playa. Also dust blown from agricultural
land onto the playa

6.8 Formation of aerosols during irrigation. Suspension of agricultural soil by
wind.

6.9 Uptake, interception and retention of contaminants by flora from
watersplash

6.10 Consumption and external contamination of fauna with agricultural soil

6.11 No interaction

6.12 Ingestion of agricultural soil during agricultural activities. Also external
contamination during these activities.
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6.1-6.2 No interaction

6.3 Dust (agricultural soil) being blown into the pools

6.4 No interaction

6.5 Infiltration of water from rain and irrigation into the variable saturated
zone

Playa Row

7.8 Formation of gas (e.g. methane) and aerosols from the playa. Also
suspension of dried playa soil (and evaporites) by wind

7.9 Interception, uptake and translocation of contaminants by marshplants
from watersplash

7.10 Same as 6.10

7.11 Use materials from the playa by the human community (e.g. clay for brick
making)

7.12 Same as 6.12

7.6 Conversion of playa to agricultural land. Also wind transport and water
erosion (runoff) of playa soil onto agricultural soil.

7.5 No interaction (as per definition of the Assessment Context)

7.4 No interaction

7.3 Overflow from playa into pools during floods. Also water erosion (runoff)
of the playa soil into the pool

7.2-7.1 No interaction

Atmospheric Environment Row

8.9 Deposition and precipitation. Also includes gaseous uptake and
condensation

8.10 Inhalation of contaminants. Also external contamination as a results of
wet and dry deposition from the atmosphere

8.11 No interaction
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8.12 Contamination due to inhalation of contaminants.

8.7 Precipitation, deposition, condensation and wind erosion

8.6 Same as 8.7

8.5-8.4 No interaction

8.3 Deposition (wet and dry), precipitation and condensation

8.2-8.1 No interaction

Flora Row

9.10

9.11

9.12

9.8

9.7

9.6

9.5

9.4

9.3

9.2-9.1

Fauna Row

10.11

10.12

10.9

Consumption of pasture by animals

Use of flora by humans as natural resources ( does not include
consumption of crops)

Ingestion of crops by humans

Transpiration, respiration, volatilisation, affects on air movement.

Weathering of marshplants, desorption, fertilisation due to plant
decomposition

Same as 9.7

As for 9.6, but with respect to deep rooted species

As for 9.6 but with respect to aquatic plants and sediment processes

Desorption through decomposition of e.g. leaves

No interaction

No interaction

Exposure arising from consumption of animal products and use of animal
products for, e.g. clothing.

Use of animal products as fertiliser
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10.8 Release of contaminants to the atmosphere via flatulence and exhalation
by animals

10.7 Excretion and the effect of bioturbation on soil structure

10.6 Use of animal products as fertiliser. Also the effect of bioturbation on soil
structure

10.5 Turnover of soil from variable saturated zone due to bioturbation

10.4 The effect of animals excreting in the pools. Also bioturbation of bed
sediments.

10.3 Effect of animals excreting in the pools

10.2-10.1 No interaction

Human Community Row

11.12 Modes of food preparation and treatment of water for drinking purposes

11.10 Agricultural practice and resource exploitation

11.9 Same as 11.10

11.8 Filtration of air/ventilation of dwellings

11.7 No interaction

11.6 E.g. depth of ploughing, irrigation, type of crop.

11.5 No interaction

11.4 No interaction - dredged soils may be used for agriculture, but these will
have the same contaminant concentration as agricultural soils

11.3 Extraction of water for domestic use

112-11.1 No interaction per definition

12.11-12.1 No interaction
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C.6 Specification and Implementation of Mathematical Model and
Associated Parameter Values

C.6.1 Blosphere Model Assumptions

The dynamically modelled components are shown in the boxes in Figure C-3.
Concentrations in the atmosphere, fauna and flora are calculated assuming they are in
equilibrium with the dynamically calculated concentrations in the agricultural soil and
in the abstracted water. It was assumed that water is continuously abstracted from the
pool and used for spray irrigation of crops, watering of livestock, and domestic supply
(induding 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 if radionuclides accummulate in the
agricultural soil over many years of irrigation. It was further assumed that agricultural
soil is contaminated by wind transported dust from the playa (and vice versa), taking
into account the relative areas of the two compartments. Similarly, the contamination
of pool water by runoff from the agricultural soil is assumed to be proportional to the
relative areas of the agricultural soil and the pool. Contamination of pool water by
runoff from the playa was not considered.

Activity levels in animal produce may be dominated by their drinking water intake, or
by ingestion of contaminated crops and/or ingestion and inhalation of contaminated
agricultural soil. Ingestion and inhalation of contaminants from the playa are not
considered for animals, as ingestion and inhalation of agricultural soil (contaminated
with playa soil) are considered to have a far greater effect. Concentrations in both crops
and animal produce are assumed to be in equilibrium with concentrations in the pool
water and the agricultural soil. There are no plants on the playa.

There is no build-up of contaminants in the pool water. (The current pools have been in
existence for many years, but there has been no increase in the concentration of total
dissolved solids (TDS)). Also, the flow of water into the pool from the aquifer and out
of the pool back into the aquifer is so strong that it can be visually observed (i.e. like a
natural spring).
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Figure C-3
Dynamically modelled compartments In the Pool/Playa Blosphere

C.6.2 Critical Group Assumptions

For the purpose of dose calculations, a farming critical group consistent with the
"cautious" assessment philosophy [Smith et al, 1996] is considered. The pathways via
which the critical group is exposed are given in Table 8-2. Individual consumption
rates, occupancy and breathing rates are listed in Tables 8-3 and 8-4. To facilitate
comparison with the previously simulated well biosphere [Smith et al, 1996], the same
values that were used for simulation of the well biosphere [Smith et al, 1996] were used
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for simulation of the pool biosphere. The critical group assumptions for this study are
also the same as for the well biosphere, except that the well biosphere did not include a
playa. The critical group assumptions for the playa are as follows:

. There are no plants growing in the playa soil

* Human occupancy rate on the playa soil is low (180 h y), as it is assumed that the
majority of time is spent on agricultural soil.

* The playa contributes directly to human dose via inhalation of dust and external
irradiation from playa soil. However, as it is assumed that contaminants from the
playa can be transported by wind to the agricultural soil, the playa also contributes
indirectly to human dose. The area of the agricultural soil compartment is 10% of
the area of the playa compartment, therefore it was assumed that 10% of the
contaminants transported by wind from the playa are deposited on agricultural soil.

The second two assumptions can be considered largely arbitrary, but are likely to
overestimate the effect of wind-borne evaporites from the playa on the estimated dose.

C.6.3 Intercompartmental Transfer Processes

Contaminant concentrations in the deep aquifer as obtained from geosphere modelling
will be used as a basis for calculating concentrations in the near-surface aquifer,
assuming that the pool does not affect the concentrations significantly. This implies that
the contaminated water is entering the biosphere from the geosphere. The only means
by which the water leaves the domain of the model is via evaporation and erosion. This
has implications for the hydro-and geo-chemistry and radionuclide migration.

The mathematical representation of the intercompartment transfer processes takes the
form of matrix transfer coefficients which allow the compartmental inventories to be
represented as a set of first order linear differential equations. For the ith compartment,
the rate at which the compartment inventory changes with time is given by:

dt =(Y LNj+A X AmM +Si(t) -( Ij A Ne +NN) (eq.C-1)

where:

N, is the amount of radionuclide N in biosphere compartment i, mol,

Nj is the amount of radionuclide N in biosphere compartment j, mol,

M, is the amount of radionuclide M in biosphere compartment i (M is the
precursor radionuclide of N in a decay chain), mol,
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Sf(t) is an external source term of radionuclide N to compartment i, mol y4 .

AM is the decay constant for radionuclide M, y',

4 is the decay constant for radionuclide N, y',

Ap, is a set of transfer coefficients inputs to compartment i from the other j (•
i) compartments in the system, y4',

Al is the set of transfer coefficients representing the loss terms of N from
compartment i to the other j (•i) compartments of the system - including
external losses, y-1.

The intercompartment transfer rate coefficients (is) are the mathematical representation
of the transfer processes identified in the conceptual model. The algebraic equation
used to calculate the transfer rate coefficient for each transfer process in the conceptual
model is listed below. The numbers in square brackets refer to the off-diagonal
elements in the interaction matrix shown in Figure C-2.

C.6.3.1 Liquid Phase

C.6.3.1.1 Non-irrigation Water Supply [3.10, 3.11]

The rate coefficient for the transfer of radionuclides resulting from water abstraction for
purposes other than irrigation is given by:

V.Kin
VdW. (eq. C-2)

where:

V,,, is the annual volume of water abstracted from the pool compartment for
purpose other than irrigation, in3 y,

V,,,, is the volume of the pool compartment from which non-irrigation water is
taken, zn3.

C.6.3.1.2 Irrigation [3.6]

The rate coefficient for the transfer of radionuclides due to irrigation is given by:

Vill (eq. C-3)
Vd.
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where:

V.,. is the irrigation rate applied to the surface soil compartment, m3 y,

V,. is the volume of the pool compartment from which irrigation water is

taken, in3 .

C.6.3. 1.3 InfiltratiorVRecharge [5.2, 6.5]

The rate coefficient for the transfer of radionuclides by infiltration/recharge is given by:.

dd

Rsed Osedv dsed (eq. CA4)

where:

d, is the annual infiltration/recharge rate, my'

R,,, is the retardation coefficient for the compartment from which
infiltration/recharge is coming,

O.,, is the water filled porosity of the compartment from which
infiltration/recharge is coming,

d,, is the thickness of the compartment from which infiltration/recharge is
coming, in.

Note that d. represents the annual depth of infiltration/recharge, it does not represent
the velocity of infiltration/recharge.

The R,, term is calculated using the following equation:

Rsed = I + ( - Osed) Pgsed K~ed
Osedw (eq. C-5)

where:

6,, is the total porosity of the sediment or soil compartment,

p,, is the grain density of the sediment or soil compartment, kg rn',

0, is the water filled porosity of the sediment or soil compartment,

K, is the sorption coefficient of the sediment or soil compartment, mn~kg1 .

C.6.3.1 .4 Water flow [1.2, 2.3,2.4,2.7,3.4, 3.2, 4.21
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The rate coefficient for the transfer of radionuclides via discharge (water flow) is given
by:

F

Pied 6adw V (eq. C-6)

where:

F is the water flow rate out of a compartment m 3 y

pr,, is the grain density of the sediment or soil compartment, kg min,

O.d,,, is the water filled porosity of the sediment or soil compartment,

V is the volume of the compartment from where the flow occurs, m7

C.6.3.1.5 Flooding [3.71

The rate coefficient for the transfer of radionuclides in water and suspended sediment
from the pool compartment due to flooding is given by:

Vf- (eq. C-7)

V1.

where:

Vf.l is the annual volume of flood water which infiltrates into soil, zn3 y4 ,

V,x,, is the volume of the river water compartment from which flooding occurs,
m3

C.6.1.1.6 Leakage [3.4,5.3]

The rate coefficient for the transfer of radionuclides via leakage and/or discharge from
surface water to the variably saturated zone (and vice versa) are represented in the
model by an annual rise/fall in the depth of the water table.

Griie Splat(eq. C-8)

where:

G,b¢, rise/fall in depth of water table, m

do, is the thickness of the saturated zone compartment, m
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i, is the water filled porosity of the saturated zone compartment

R., is the retardation coefficient for the saturated zone compartment

C.6.3.2 Solid Phase

C.6.3.2.1 Erosion [6.3, 6.5, 6.7, 7.6]

The rate coefficient for the transfer of radionuclides by water erosion (runoff) as well as
wind erosion is given by:

Esed

dsed (eq. C-9)

where:

Ewd is the erosion rate for the sediment or soil compartment, m

do, is the thickness of sediment or soil compartment, m.

C.6.3.2.2 Sedimentation from Flooding [3.61

The transfer of radionuclides due to sedimentation from flooding is included in
Equation C-6.

C.6.3.2.3 Resuspension [4.3, 10.7, 10.6, 10.5, 10.4]]

The rate coefficient for the transfer of radionuclides due to resuspension from pool
sediment to pool water is given by:

(R..,,,d-1) B,,*,
Red bused

(eq. C-10)

where:

R,,,S is the retardation coefficient for the pool sediment compartment,

B...d is the diffusion rate from the pool sediment compartment to the pool
water compartment due to bioturbation, in2 y,

d,,5, is the thickness of the pool sediment compartment, m.

The R, term is calculated using the following equation:
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R,, = 1 + (1 -Ed )Pd K, (eq. C-li)

where:

0.,,d is the total porosity of the pool sediment compartment,

plgse is the grain density of the pool water compartment, kg in-,

O.,,, is the water filled porosity of the pool sediment compartment,

K,,,^, is the sorption coefficient of the pool sediment compartment, m3 kg-.

C.6.3.2.4 Gross Sedimentation [3.4]

The rate coefficient for the transfer of radionuclides due to gross sedimentation is given
by:

Kdg(1 + *d)PgdA. (eq. C-12)

(I1+ KderdaW )V.,

where:

Kd,,,, is the sorption coefficient of the suspended sediment in the water compartment,
n3 kg1',

Ss is the gross sedimentation rate from the water compartment to the associated
sediment compartment, m y,

lid is the total porosity of the sediment compartment,

A. is the area of the water compartment, in2,

p,,se is the grain density of the sediment compartment, kg mi,

a, is the sediment load in the water compartment, kg in,

V. is the volume of the water compartment, in!.

C.6.4. Dose Equations

The algebraic equations used to calculate the annual individual dose to a human for
each of the exposure pathways in the conceptual model are listed below.
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C.6.4.1 Consumption of Drinking Water [3.11, 3.12]

The annual individual dose to a representative member of the farming exposure group
from the consumption of drinking water from the pool compartment is given by:

Df. =I NGf. D,, Cd., (eq. C-13)

where:

D,, is the individual dose from consumption of drinking water, Sv ye,

INGf,, is the individual ingestion rate of freshwater, m'y l,

Din is the activity to dose coefficient for ingestion, Sv Bqc,

C, is the radionuclide concentration in the deep well compartment, Bq m4 .

C.6.4.2 Consumption of Agricultural Crops [9.12, 6.9, 8.9, 9.8, 9.6]

The annual individual dose to a representative member of the farming exposure group
from the consumption of agricultural crops is given by:

Dcrop = INGcrop Ding Ccrop (eq. C-14)

where:

DC" is the individual dose from consumption of the crop, Sv y',

ING, is the individual ingestion rate of the crop, kg y1 ,

D. is the activity to dose coefficient for ingestion, Sv Bq 1,

CX,,,, is the radionuclide concentration in the crop, Bq kg' (fresh weight of crop).

The C, term is calculated using the following equation:

CC,'p = (CFcp + (1-Fc 'a)ScOp)C,, + (1-Fcw) + F.,,, (eq.C-15)
Coop = ( - oa) Pgas + CP-r-i Okopcw)t 1;MPW-p -C15

where:

CF, is the concentration factor for the crop, Bq kg- (fresh weight of crop)/Bq
kg1 (dry weight of soil),

F.,,, is the fraction of external contamination on the crop lost due to food
processing,
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SCT is the soil contamination on the crop, kg (dry weight soil) kg' (fresh
weight of crop),

C. is the radionuclide concentration in the agricultural soil compartment, Bq

0. is the total porosity of the agricultural soil compartment,

pss is the grain density of the agricultural soil compartment, kg m,

junap is the interception fraction for irrigation water on the crop,

d, is the depth of irrigation water applied to the crop, m Y',

Cf,, is the radionuclide concentration in the pool compartment, Bq in4 ,

Fug. is the fraction of activity transferred from external to internal plant
surfaces (translocation fraction),

Y,,,,, is the yield of the crop, kg m'2 ,

W,,, is the removal rate of irrigation water from the crop by weathering
processes (weathering rate), y.

The following points should be noted:

In this study, grain, root vegetables, green vegetables and fruit are considered

In Equation C-15, it is assumed that the crop can be contaminated due to:

internal uptake of contaminants from the surface soil compartment into the crop via

the roots (represented by the (I term);
(l- 0.) Pgus

* external contamination of the crop due to deposition of re-suspended sediment from

the surface soil compartment (represented by the So C. term);
(1-0,") Pg,

* irrigation (represented by the ,,,p droop C-,, term).

* It is assumed that contamination can be lost due to:

weathering (represented by the 1 term).
aTp crop
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Although losses due to food preparation (represented by F,, term) are represented in
Eq 15, this term has been set to zero for the present study as that is considered to be a
more conservative approach.

C.6.4.3 Consumption of Animal Produce [10.12, 9.10, 8.10, 7.10, 6.10, 3.10]

The annual individual dose to a representative member of the farming exposure group
from the consumption of animal produce is given by:

Dprod = INGprod Ding Cprod (eq. C-16)

where:

D,,,, is the individual dose from consumption of the animal product, Sv y',

ING,,,, is the individual consumption rate of the animal product, kg y',

D,,,g is the activity to dose coefficient for ingestion, Sv Bq',

Cp,,O is the radionuclide concentration in the animal product, Bq kg-'.

The C,,,,, term is calculated using the following equation:

C rod {Cf. INGfa +w C,, ING.BR. Ca| (e qC 7)
Pw = CFP G - 0~1-6,) p,,, + +1 P. I 0 (q

where:

CF,,, is the concentration factor for the animal product, d kg' (fresh weight of
product),

CfOe is the radionuclide concentration in the animal fodder, Bq kg' (fresh
weight of fodder),

INGf,,, is the consumption rate of fodder by the animal, kg (fresh weight) d',

C,,,, is the radionuclide concentration in the drinking water, Bq in,

INGOT is the consumption rate of water by the animal, m' d-,

C. is the radionuclide concentration in the agricultural soil compartment, Bq
ln,

ING. is the consumption rate of soil from the agricultural soil compartment by
the animal, kg (wet weight of soil) d-,

{3J is the total porosity of the agricultural soil compartment,
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Ps!Sr is the grain density of the agricultural soil compartment, kg mn,

O.. is the water filled porosity of the agricultural soil compartment,

pl is the density of water, kg m4 ,

BR. is the breathing rate of the animal, m3 hW.,

O., is the occupancy time of the animal in the surface soil compartment, h dl,

C,~ is the radionuclide concentration in the air above the agricultural soil
compartment, Bq in4 .

The Ca term is calculated using the following equation:

C =S C. (A, I) dust (eq. C-18)

where:

C. is the radionuclide concentration in the agricultural soil/playa
compartment, Bq in4 ,

0. is the total porosity of the agricultural soil/playa compartment,

pg,, is the grain density of the agricultural soil/playa compartment, kg m4,

R,, is the retardation coefficient for agricultural soil/playa compartment,

dust. is the dust level in the air above the agricultural soil/playa compartment,
kg m3.

The nature of the fodder consumed by the animal depends on the type of animal. In
this study, four animal types are considered: cows; sheep; pigs; and chickens (see Table
8-10). It is assumed that the cows and sheep consume pasture; the pigs root crops; and
the chickens grain. Therefore, in the case of the pigs and chickens the Co, term is
calculated using Equation C-14 but without the food preparation loss term. In the case
of the cows and sheep, the C.. term is calculated using the following equation:

(CF,.J, + Spd.) C.
Cf-& ~~ -- + d#pastd (eq. C-19)

Cfe (1 - .) Pl,. YP Wp., + NING.,

where:

CF.., is the concentration factor for pasture, Bq kg1 (fresh weight of pasture)/Bq
kg- (dry weight of soil)
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Spot is the soil contamination on pasture, kg (dry weight soil)/kg (fresh weight
of pasture),

C.5 is the radionuclide concentration in the agricultural soil compartment,
Bqm4,

0. is the total porosity of the agricultural soil compartment,

p85J is the grain density of the agricultural soil compartment, kg m4,

yp,5, is the interception fraction for irrigation water on pasture,

d>,,. is the depth of irrigation water applied to pasture, m y's

C,,,, is the radionuclide concentration in the pool compartment, Bq mn,

Yp,¢, is the yield of pasture, kg mr2,

Wp,,, is the removal rate of irrigation water from pasture by weathering
(weathering rate), y1 ,

-2N is the stocking density of the animals, mz2,

INGP,. is the consumption rate of pasture by the animals, kg (fresh weight of
pasture) d-1

The following point should be noted.

• It is assumed that the animal can be contaminated due to:

* consumption of contaminated fodder (represented by the Cf.,, INGf.,, term);

* consumption of contaminated water (represented by the C ,,lNGf. term);

* consumption of contaminated soil (represented by the C,, ING,_, term);
(1- .) Ps. + O,. P.

* inhalation of contaminated soil (represented by the (1 an A term).
(1 - 0,) pg"a

C.6.4.4 Consumption of SoiVSediment [6.12]

Soil/sediment can be consumed by humans both inadvertently and deliberately. The
annual individual dose to humans from the consumption of soil/sediment is given by:

Dsed = INGsed Dmng I Csed
D -sed ) Pgsed + Osedw Pw (eq. C-20)
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where:

de~f is the individual dose from consumption of the soil/sediment, Sv y%

ING,,, is the individual consumption rate of the soil/sediment, kg y',

Do.g is the activity to dose coefficient for ingestion, Sv Bqi,

C,, is the radionuclide concentration in the soil/sediment compartment,
Bq m4,

0,,, is the total porosity of the soil/sediment compartment,

Psa is the grain density of the soil/sediment compartment, kg m4,

@,*, is the water filled porosity of the soil/sediment compartment,

p. is the density of water, kg m4 .

C.6.4.5 Consumption of Aquatic Foodstuffs

The annual individual dose to humans from the consumption of aquatic foodstuffs can
be represented by:

D.O~d = INVG.ObaDkg FF.C.CF lO4.d 1 (eq. C-21)

where:

D.,~ is the individual dose from consumption of the aquatic foodstuff, Sv y1 ,

ING ,is the individual consumption rate of the aquatic foodstuff, kg ye,

D,,s is the activity to dose coefficient for ingestion, Sv Bq',

FF. is the fraction of activity in the filtered water,

C., is the radionuclide concentration in the water compartment, Bq m 4 ,

Cage. is the concentration factor for the aquatic foodstuff, Bq kg' (fresh weight
of edible fraction of aquatic foodstuff)/Bq V1 (of filtered water).

The FF,, term is calculated using the following equation:

1
FF. 1 +- (eq. C-22)

where:
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K,,, is the sorption coefficient for the water compartment, m 3 kg-,

add is the suspended sediment load in the water compartment, kg m-.

Consumption of local aquatic foodstuff is not part of the current eating habits of the
inhabitants, and therefore it was not represented in the mathematical model.

C.6.4.6 External Irradiation from Soil/Sediment (4.12, 6.12, 7.12]

The annual individual dose to humans from external irradiation from soil/sediment is
given by:

D.sd = O,,W Dad Ced (eq. C-23)

where:

Dcsed is the individual dose from external irradiation from the soil/sediment,
Sv y',

O.;,, is the individual occupancy in the soil/sediment compartment, h y',

DAYtS is the activity to dose coefficient for external irradiation from
soil/sediment, Sv h'/Bq m4 ,

C,,, is the radionuclide concentration in the soil/sediment compartment,
Bq m4 .

C.6.4.7 External Irradiation from Immersion in Water [3.12]

The annual individual dose to humans from external irradiation from immersion in
water is given by:

Dexwat = Owat Dextw Cwat (eq. C-24)

where:

D.,. is the individual dose from external irradiation from immersion in the
water, Sv y4 ,

Q.,, is the individual occupancy in the water, h yl,

D,,, is the activity to dose coefficient for external irradiation from immersion
in water, Sv h 1 / Bq m4 ,

Call is the radionuclide concentration in the water, Bq m 4 .
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C.6.4.8 Inhalation of Dust [4.12, 6.12, 7.12]

The annual individual dose to humans from the inhalation of dust is given by:

Dd,,, = Dm BRZCd Od Ca (eq. C-25)

where:

D. is the individual dose from the inhalation of dust, Sv y1 ,

Dd,, is the activity to dose coefficient for inhalation, Sv Bq-],

BR,a is the breathing rate of the human in the sediment or soil compartment,
m3 h 1,

O., is the individual occupancy in the sediment or soil compartment, h y',

Cz,, is the radionuclide concentration in the air above the sediment or soil
compartment, Bq in4.

The C,,, term is calculated using the following equation:

(1 -COd) P d R. duStd (eq. C-26)

where

Coed is the radionuclide concentration in the sediment or soil compartment,
Bq m 4 ,

0,,, is the total porosity of the sediment or soil compartment,

Passe is the grain density of the sediment or soil compartment, kg m 4 ,

R,,, is the retardation coefficient for the sediment or soil compartment,

dust,, is the dust level in the air above the sediment or soil compartment, kg m4 .

C.6.4.9 Inhalation of Aerosols [6.8, 7.8]

The annual individual dose to humans from the inhalation of aerosols in water spray is
given by:

D.,,, = DiXBR.oAiraerO..C,.,Ts (eq. C-27)
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where:

D.,,, is the individual dose from the inhalation of aerosols, Sv y1 ,

D. is the activity to dose coefficient for inhalation, Sv Bq4,

BRE, is the breathing rate of the individual in the area affected by aerosols,
m3 h1 ,

Air,,,,, is the aerosol level in the air in the area affected by aerosols, m3 i 4 ,

0,,,0 is the individual occupancy in the area affected by aerosols, h yl,

Ca, is the radionuclide concentration in the water, Bq m4 ,

T.,,. is the aerosol concentration factor.

C.6.4.10 Processes not represented in the mathematical model

Some processes have been listed in the interaction matrix, but have not been
represented in the mathematical model. These processes and the reasons their
exclusion from the mathematical model at this stage are discussed below.

The transfer of radionuclides by water erosion (runoff) from the playa to the
agricultural soil [7.61 and to the pool water [7.31:

These transfers are unlikely to occur at the site being studied. (At present the
major playas are situated some kilometres away from the pools.)

* Transfer of radionuclides by wind erosion from the agricultural soil/playa to the
pool [6.3, 7.31:

As the surface area of the pool is much smaller than that of the agricultural soil
and/or the playa, this was considered to be of minor importance.

* Transfer of radionuclides via conversion of pool bed sediments to the variably
saturated zone [4.51 and via erosion of the variably saturated zone into pool bed
sediment [5.4]:

The nature of the pools is assumed to be such that these transfers are unlikely to
occur.

* Flooding (overflow) of surface water onto the playa [3.7] as well as overflow from
the playa into the surface water (pool) [7.31:

The playa is assumed to be situated too far from the pool for these transfers to
occur.
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* Diffusion [3.4, 4.3]:

Transfer of radionuclides via diffusion was considered minor compared to
transfer via water flow/discharge

* Conversion of bed sediment to agricultural soil/playa:

The nature of the pools is such that there are very little sediment in the pools.
Transfer of radionuclides due to conversion of pool bed sediment is therefore
likely to be minor because of the great differences in the volumes of the pool bed
sediment compartment compared to that of the agricultural soil and playa
compartments.

* Dredging [4.6]

This is not part of current agricultural practice.

• Capillary rise, gas transfer [5.6, 5.7]

Transfer of radionuclides due to capillary rise may be significant due to the high
evaporation rate in the area (3.15E+2 m. y'). However, it had to omitted due to
lack of data. Transfer via gas transfer from the variably saturated zone to
agricultural soil was omitted for the same reason.

* Volatilisation [6.8, 7.8, 9.81

A significant part of the iodine budget may be lost via volatilisation. The rate of
volatilisation is a function of the distribution coefficient, and hence the type of
soil and soil chemistry [Arnold, 1990]. No site specific data were available.

• Deposition, precipitation and condensation from the atmosphere to the pool water
[8.3]:

This was considered to be minor because of the large differences in the areas of
the pool water compartment (30 m2 ) and the agricultural soil and playa
compartments (1E+4 m2 a 1E+5 in2 respectively)

* Fertilisation [9.7,10.9,10.61

These had to be omitted due to lack of data for the system under study, but it is
not thought to be critical.

• Excretion, exhalation and flatulence [10.8,10.7,10.3,11.7]

These transfers are likely to be minor compared to, for instance, transfer of
radionuclides via wind erosion. The necessary data were also lacking.
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Filtration and ventilation of air [11.81

Omission of these transfers was considered a more conservative approach

Inadvertent ingestion of soil [4.12, 7.121

Inadvertent ingestion of soil from the playa and from pool sediments was
considered to have a minor impact compared to ingestion of agricultural soil.

C.6.5 Parameter Values

The parameter values used in this study are listed in Tables C-1 to C-18. To facilitate
comparison with the well biosphere, the same values that were used for simulation of
the well biosphere [Smith et al, 1996] were also used for the pool biosphere, even
though there may be more recent data. Where possible, site specific data were utilised,
else "generic" values were chosen that may or may not be representative of conditions
in the Amargosa Valley region. Consequently, the analyses presented here may deviate
significantly from those using an entire set of parameters appropriate for the Amargosa
Valley region.

The approach for choosing a specific value from a range of values was the same as for
simulation of the well interface, i.e. in many cases the chosen value are not the most
conservative but are near the top of the range, in accordance with the cautious but
realistic approach.

Table C-1
Radionuclides Considered In the Study

Parent Daughters

Tc-99

1-129

Np-237 Pa-233 => U-233 => Th-229

Note: Each of the listed daughters of the Np-237 chain is modelled explicitly. Short-lived daughters are
modelled assuming they are in secular equilibrium with their parent in each part of the biosphere.
Their radiological effect, e.g. the effect of photon emissions, are included with those of the parent.
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Table C-2
Radionuclide Half-lives and Decay constants

Radionuclide Half-life
(y) (1)

Decay constant
(y') (2)

Tc-99 2.13E+05 3.25E-06

1-129 1.57E+07 4.41 E-08

Th-229 7.34E+03 9.44E-05

Pa-233 7.39E-02 9.38E+OO

U-233 1.59E+05 4.36E-06

Np-237 2.14E+04 3.24E-07

Notes: (1) Half life data taken from ICRP r1983].
(2) Decay constant = In2/half-life

Table C-3
Physical Characteristics of the Blosphere Compartments

Physical Characteristics

Compartment Thickness
(m)

Area
(M)

Volume
(M)

Total
Porosity

(-)

Water Filled
Porosity

(-)

Susp. Sediment
Conc.

(kg m)

Grain
Density
(kg m-)

Pool Water 3.33 30 100 0.99 0.99 Se-B NA

Pool Bed Sediment 0.01 30 0.3 0.5 0.5 NA 2.65E+3

Playa 0.3 1 E+5 3E+4 0.4 0.35 2E-6(1) 2.65E+3

Agricultural soil 0.3 1 E+4 3E+3 0.4 0.3 2E-6(1) 2.65E+3

Variable Saturated 0.7 1E+4 7E+3 0.4 0.35 NA 2.65E+3
Zone

Saturated zone (2) 10 2E+3 2E+4 0.4 0.4 NA 2.65E+3

Saturated Zonel (3) 10 2E+5 2E+4 0.4 0.4 NA 2.65E+3

Notes: (1) This value represents the dust concentration level In the air above the soil. The dust is
assumed to be respirable.
(2) This represents the saturated zone underneath the agricultural soil as well as the pool
compartments
(3) This represents the saturated zone underneath the playa compartment
NA Not applicable.
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Table C-4
Biosphere Llquld Transfer Processes

Transfer Process I Units Value From To

Irrigation Ms 3y' 5.OE+3 (1) Pool Water Agricultural soil

Domestic Water Uses m! y' 1 .3E+3 (2) Pool Water Sink

Other Water Uses (3) m3 y 1 |.OE+4 Pool Water Sink

Flooding Ms yI 100 Pool Water Agricultural soil

Infiltration m y' 0.07 Agricultural soil Variable Saturated
Zone

Percolation m y' 0.07 Variable Saturated Zone
Saturated Zone

Recharge m 0.07 Pool Water Variable Saturated
Zone

Groundwater rise m D.5 Saturated Zone Variable Saturated
Zone

Water flow (3) ma yi 1.OE+5 Saturated Zone Pool Water

Water flow (3) my1 7.4E+4 Pool Water Saturated Zone

Water flow (4) m3 ywI 1 .OE+7 Saturated Zone Playa

Notes: (1) Assumes average crop interception factor of 28% and that 100%/ of the upper soil
compartment is irrigated.

(2) Assumes a critical group of 10 people, each using 130 my ' for domestic purposes. Includes
watering of animals.

(3) Calculated form the water balance, assuming an ET coefficient of 1 .OE+2 m y~' (Wittmeyer
and Turner [1995] gives an ET coefficient of 1 .OE-5 m s" per unit area at the land surface
(i.e. 3.13E+2 m y')).

(4) Representative of groundwater discharge rate at Franklin Lake Playa (see Wittmeyer and
Turner [1 9951)
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Table CG5
Biosphere Solid Transfer Processes

Transfer Process Units Value From To

Wind Erosion m y' 3.3E-4 (1) Agricultural Soil Playa

Wind Erosion m yV 3.3E-4 Playa Agricultural Soil

Wind Erosion m yV 3.3E-4 Playa Sink

Water Erosion m yV 1 E-4 Agricultural Soil Pool Water

Water Erosion my' 1 E-4 Agricultural Soil Sink

Water Erosion m Y 1 E-4 Playa Sink

Notes: (1) This value represents the rate of erosion compatible with a continuing, stable,
agricultural system on sandy soil [Jones, 1987]

Table C-6
Distribution Coefficients (m' kg' dw)

Element Pool
Water

Pool Bed
Sediment

Agricultural
soil

Variable
Saturated

Zone

Saturated
Zone

Playa

Tc 0.1 0.1 0.0001 0.0001 0.0001 100

I 0.1 0.1 0.001 0.001 0.001 100

Th 5000 5000 3 3 0.1 100

Pa 5000 5000 0.54 0.54 0.2 100

U 0.05 0.05 0.033 0.033 0.0002 100

Np 0.5 0.5 0.005 0.005 0.001 100

Note: dw = dry weight
Distribution coefficients for the Playa have been set at artificially high values, to
represent the formation of evaporites.
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Table C-7
Critical Group Exposure Pathways

External irradiation from:

soil/sediment (Playa)
(Agricultural soil)

(Pool bed sediment)

water (Pool water)

Inhalation of

suspended soil/sediment (Playa)
(Agricultural soil)
(Pool bed sediment)

Ingestion of:

cow meat (1)

cow liver (1)

cow milk(1)

pig meat (1)

sheep meat (1)

chicken meat (1)

chicken liver (1)

grain (1)

root vegetables (1)

green vegetables (1)

fruit (1)

water (pool water)

soil/sediment (agricultural soil)

Notes: (1) Exposure is due to contamination derived from the agricultural soil and pool water
compartments.

(The compartments via which the exposure is assumed to occur is given in brackets).
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Table C-B8
Critical Group Consumption Rates

Foodstuff Consumption Rate
(kg fw y')

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 (nin ye) 0.6

Soil 0.05

Note: fw fresh weight
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Table C-9
Critical Group Occupancy and Breathing Rates

Compartment Occupancy Rate
(h y')

Breathing Rate
(mS tf1)

Agricultural soil 4.38E+3 1 .8E+O

Pool water 1 .20E+2 (1) NA

Pool bed 1.80E+2 1.2E+O
sediment

Playa 1 .80E+2 1 .2E+O

Note: It is assumed that pool water is used for bathing/showering.
NA Not applicable

Table C-10
Animal Consumption, Breathing and Occupancy Rates, and Stocking Densities

Animal Fodder
(kg fw W)

Soil
(kg fw cr')

Consumption Rate

Water Breathing
(m' c) Rate (in h-)

Occupancy
Rate (h y 1)

Stocking
Density (m)

Cow 6E+1 6E-1 6E-2 5.4E+O 8.8E+3 4.3E-4

Pig 1 E+1 2E-1 5E-3 5.OE-1 8.8E+3 4.3E-4

Sheep 7E+O 8E-2 4E-3 3.6E-1 8.8E+3 4.8E-4

Chicken 3E-1 2E-2 5E-4 1 .OE-2 8.8E+3 3.0E+0
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Table C-1 1
Soil Contamination, Edible Yield, and Irrigation Water Depth and Fraction Intercepted for
Crops and Pasture

Crop Soil Contamination
of Crop

(kg dw soikg fw
crop)

Edible
Yield of

Crop
(kg fw m)

Depth of
Irrigation water
Applied to Crop

(m y! )

Fraction of Irrigation
Water Intercepted

by Crop
(-)

Grain 1 .3E-4 4.OE-1 7.OE-1 5.OE-2

Root Vegetables 2.OE-4 3.5E+O 7.OE-1 3.OE-1

Green Vegetables 1 .3E-4 1 .5E+O 7.OE-1 3.OE-1

Fruit 2.OE-4 7.OE-1 7.OE-1 3.OE-1

Pasture 8.OE-3 1 .OE+O 7.OE-1 3.OE-1

Table C-12
Soil to Plant Concentration Factors

Concentration Factor (Bq kg 'tw planttBq kg" dw soil)

Element Grain Root Green Fruit Pasture
Vegetables Vegetables

Tc 1 E+1 1 E+1 1 E+1 2E+1 1 E+1

I 1 E-1 1 E-1 1 E-1 5E-2 1 E-1

Th 5E-4 5E-4 5E-4 5E-4 5E-4

Pa 4E-2 4E-2 4E-2 4E-2 4E-2

U 1E-4 1 E-3 I E-3 1E-4 1 E-3

Np 3E-4 1 E-3 1 E-2 3E-4 5E-3
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Table C-13
Transfer Coefficients for Cows

Element Meat Liver
(d kg ' fw) (d kg"1)

Milk
(d r )

Tc 6.OE-3 2.1 E-2 7.5E-3

I 3.OE-3 8.OE-3 3.OE-3

Th 2.7E-3 6.3E-2 5.OE-6

Pa 5.OE-5 1.1 E-3 5.OE-6

U 6.9E-4 6.9-E-4 4.OE-4

Np 1 .2E-4 1 .5E-2 5.OE-6

Table C-14
Transfer Coefficients for Pigs and Sheep

Element Pig Meat Sheep Meat
(d kgV' tw) (d kg" tw)

Tc 3.OE-2 8.6E-2

I 4.0E-3 6.OE-3

Th 4.6E-3 1 .3E-2

Pa 1.1 E-4 3.4E-4

U 2.6E-3 7.4E-3

Np 4.5E-5 1 .4E-4

C-42



Biosphere Modelling and Dose Assessment of Alternative Geosphere/Biosphere Interfaces for Yucca Mountain (A
Venter, G M Smith, B M Watkins, M Egan, R H Little)

Table C-15
Transfer Coefficients for Chickens

Element I Meat I Liver
(d kg"' fw) (d kg" fw)

Eggs
(d kg" fw)

Tc 1 .2E+0 1 .2E+0 1.2E+O

I 2.OE-1 1 .6E+0 1.6E+O

Th 1.8E-1 2.1 E+O 1.8E-1

Pa 4.1E-3 1.1E-1 4.1E-3

U 1.OE-1 1.02-1 1 .OE-1

Np 1 .7E-3 1.32-1 1 .7E-2

Table C-16
Weathering Rates for Crops and Pasture

Element Grain
(Y-)

Root Vegetables &
Fruit (j')

Green Vegetables
(Yi)

Pasture
(Y')

Tc 8.4E+0 1.8E+1 1.8E+1 1.8E+1

I 8.4E+0 1.8E+1 1.8E+1 1.8E+1

Th 8.4E+0 1.8E+1 1.8E+1 1.8E+1

Pa 8.4E+0 1.8E+1 1.8E+1 1.8E+1

U 8.4E+0 1.8E+1 1.8E+1 1.8E+1

Np 5.1E+1 1 .8E+1 5.1E+1 1.8E+1
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Table C-17
Translocation Fractions for Crops

Element Grain
(-)

Root Vegetables
(-)

Green Vegetables
(-)

Fruit
(-)

Tc 1.2E-1 1.1 E-1 2.8E-1 1.2E-1

I 2.8E-1 7.4E-2 6.1 E-1 3.3E-1

Th 1 .3E-1 2.9E-1 3.8E-2 1 .3E-1

Pa 2.OE-1 2.9E-1 4.5E-1 2.1 E-1

U 1 .6E-1 4.3E-2 3.6E-1 1 .9E-1

Np 2.OE-1 2.9E-1 4.5E-1 2.1 E-1

Table C-18
Preparation Losses for Crops (-)

Element Grain Root Vegetables Green Vegetables Fruit

Tc O.OE+O O.OE+O O.OE+O O.OE+O

I O.OE+O O.OE+O O.OE+O O.OE+O

Th O.OE+O O.OE+O O.OE+O O.OE+O

Pa O.OE+O O.OE+O O.OE+O O.OE+O

U O.OE+O O.OE+O O.OE+O O.OE+O

Np O.OE+O O.OE+O O.OE+O O.OE+O

C-44



Biosphere Modelling and Dose Assessment of Alternative Geosphere/Biosphere Interfacesfor Yucca Mountain (A
Venter, G M Smith, B M Watkins, M Egan, R H Little)

C.7 Biosphere Dose Calculations

The results of the calculations based on the assumption listed in Section C.6.2 are
documented in Tables C-19 to C-22. Results for the previously simulated well
biosphere are also listed in these tables.

To evaluate the relative contribution to dose of contaminants from the playa being
transported by wind onto the agricultural soil, different model runs were undertaken
assuming:

10% of the wind transported contaminants from the playa are deposited on the
agricultural soil. This is assumed to represent contamination of a farming plot of 1
ha. (The area of the playa is taken to be 10 ha).

a 1% of the wind transported contaminants from the playa are deposited on
agricultural land. This is assumed to be representative of a "backyard" garden plot
of about 30 m by 30 m.

* No wind transported contamination from the playa.

Model results may also be affected by the lack of reliable data on groundwater flow rate
at the location of surface discharge (see Table C4). The evaluate the sensitivity of the
results to groundwater flow rate, a second model run was undertaken with the flow
rates from the first run reduced by half. The results are listed in Table C-22 and are
discussed further in Section C.8
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Table C-19
Dose Coefficients for Ingestion, Inhalation and External Irradiation

Dose coefficients (1)

External Irradiation (3)

Radionuclide Ingestion
(Sv Bq') (2)

Inhalation
(Sv Bq') (2)

from Soil
(Sv h-1/Bq m)

from water
(Sv h 1/Bq in3)

Tc-99 6.4E-10 1.3E-8 . 2.4E-18 1.7E-17

1129 1.1E-07 3.6E-08 2.5E-16 3.2E-15

Th-229 1.6E-06 2.6E-04 3.1E-14 1.2E-13

Pa-233 (3) 8.7E-10 3.9E-09 2.OE-14 7.4E-14

U-233 5.1 E-8 9.6E-06 2.7E-17 1.3E-16

Np-237 1.1 E-07 5.0E-05 1.5E-15 8.4E-15

Notes: (1)

(2)

(3)

Values include effects of short-lived daughters not explicitly listed, assuming secular
equilibrium at time of intake or exposure.
All data are taken from IAEA [1996], i.e. the values were updated since the previous report on
the well biosphere.
External irradiation dose coefficients are taken from Eckerman and Ryman [19931.

Table C-20
Dose Conversion Factors for Unit Flux to the Blosphere (1)

Flux to dose conversion factor (Sv yl'/mol y')

Total DoseRadlonuclide

Well (1) PooVPlaya Biosphere

Amount of contaminants transported by wind Reduced groundwater
from the playa to agricultural soil flow rate (2)

10%/ 1 % None

TC-99 1.7E-2 4.9E-3 5.4E-4 5.OE-5 5.3E-3

I129 1.3E-2 4.1 E-4 7.4E-5 3.6E-5 7.7E-4

Np-237 5.1 E-2 7.OE-3 3.3E-3 2.9E-3 8.2E-3

Notes (1) The factors for the well biosphere from Smith et al [1996] were re-calculated using the
updated dose coefficients in Table A3-19.

(2) For this scenario, it was assumed that 10% of the wind eroded contaminants from the playa is
transported to the agricultural soil, but the water flow rates into (and out) of the pool, and the flow
rate into the playa were reduced by 50%
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Table C-21
Main Exposure Pathways Contributing to Peak Total Dose

Radionuclide Well Blosphere Pool/Playa Biosphere
(10% playa contaminants)

Main Exposure Percentage Main Exposure Percentage
Pathways Contribution to Peak Pathways Contribution to Peak

Total Dose Total Dose

Tc-99 Fruit 30.2 Fruit 25.9

Root Veg 17.7 Root Veg 22A

Grain 14.8 Grain 16.9

(Drinking Water) 5.4) (Drinking Water) 0.05

1-129 Fruit 43.9 Root Veg 27.3

Drinking Water 15.3 Grain 23.7

Green Veg 15.6

Grain 13.7 Fruit 13.1

Root Veg 9.4 (Drinking Water) 3.4

Np-237 Fruit 54.6 Dust Agric 43.5

Drinking Water 21.1 Dust Playa 30.1

Root Veg 12.3 Ext Agric 8.3

Ext Playa 8.6

____________ ________________ Drinking W ater 1.5
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Table C-22
Top Three Exposure Pathways Contributing to Peak Total Dose In the Pool/Playa
Biosphere

I I Percentage Contribution to Peak Total Dose

Radionuclide Main Exposure
Pathways

Amount of contaminants
transported by wind from the

playa to agricultural soil Reduced GW Flow

10% 1% None

Tc-99 Fruit 25.9 25.5 22.1 25.8

Root Veg 22.4 22.4 15.6 22.0

Grain 16.9 16.8 15.5 17.0

(Drinking Water) 0.5 - 4.7 -

1-129 Root Veg 27.3 19.1 9.0 18.7

Grain 23.7 22.9 21.8 23.1

Green Veg 15.6 14.8 13.7 14.9

Fruit 13.1 19.1 26.6 20.1

(Drinking Water) 3.4 8.7 15.3 0.9

Np-237 Dust Agric 43.5 9.4 0.6 38.4

Dust Playa 30.1 64.7 74.1 25.0

Ext Agric 8.3 1.9 0.1 7.0

Ext Playa 8.6 18.4 21.1 7.0

Drinking Water 1.5 1.5 1.5 6.4
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C.8 Discussion of Results

When comparing the well and pool/playa biospheres, the main exposure pathways for
Tc-99 for the two biospheres are the same, with fruit being the main exposure pathway,
followed by root vegetables and grain (Table C-21). In both cases the relative
contribution from the drinking water pathway is small, 5.4% for the well biosphere, and
0.05% for the pool/playa biosphere.

For 1-129, the main exposure pathways for the well biosphere are very different from
those of the pool/playa biosphere (Table C-21). For the well biosphere, the main
exposure pathway is fruit (43.9%), followed by drinking water and grain. For the
pool/playa biosphere, the main exposure pathway is root vegetables, followed by
grain, green vegetables and fruit (13.1%). The difference in the main exposure
pathways for the two biospheres can be explained as follows:

An important contributor to activity in agricultural soil in the pool/playa biosphere is
contaminants that are transported by wind from the playa onto the agricultural soil.
(The relative contribution of the wind transported contaminants is evident in the dose
conversion factors listed in Table C-20.) Thus, the greater the amount of wind
transported contaminants, the greater the contaminant concentration in the agricultural
soil compartment. The soil to plant concentration factor for I-129 for root vegetables is
double that of fruit (Table C-12), whereas the fraction of irrigation water intercepted by
both crops are the same. Thus, as the activity in the soil increases, soil uptake of I-129
becomes more important, resulting in a greater contribution to peak total dose from
root vegetables than from fruit. Table C-22 illustrates the decreasing contribution of the
root vegetable pathway (and the increasing contribution of the fruit pathway) with
decreasing concentration of I-129 in agricultural soil.

The main exposure pathways for Np-237 for the two biospheres are also very different
(Table C-21). For the well biosphere, the main exposure pathway is fruit, followed by
drinking water and root vegetables. For the pool/playa biosphere, the main exposure
pathway is inhalation of dust from agricultural soil (contaminated with wind
transported dust from the playa), followed by direct inhalation of dust from the playa.
From Table C-22 it would seem that, for Np-237, the contribution from the playa to
peak total dose is important, even though the occupancy rate for the playa is much
lower that that for agricultural soil (Table C-9).

There is some uncertainty about the groundwater flow rate at the point of discharge. To
evaluate the effect of different groundwater flow rates, the scenario with 10% wind
transported contaminants from the playa was simulated with the groundwater flow
rate into the pool and the playa reduced by half. The change in groundwater flow rate
did not result in a significant change in the dose conversion factors (Table C-20) nor in
the main exposure pathways (Table C-22). In some instances there is a small change in
the relative contribution, but the change generally is insignificant. For instance, for I-129
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the contribution from the root vegetable pathway changes from 27.3% to 18.7%. The
insignificant differences in dose conversion factors, etc. between the two scenarios are to
be expected, as the two scenarios are essentially the same once contaminant
concentrations in the agricultural soil and the playa have reached equilibrium.

When the dose conversion factors for the well biosphere are compared to those for the
pool/playa biosphere (Table C-20) it would seem that the well biosphere provides
higher flux-to-dose conversion factors than the pool/playa biosphere. In addition, the
factors in Table C-20 are for unit radionuclide fluxes. For the well interface, that can
exist much nearer to Yucca Mountain than existing surface pools and playas, it is likely
that higher radionuclide fluxes will exist. Fluxes in the pools and playas much further
downstream from Yucca Mountain would presumably be significantly lower due to
additonal dispersion and radioactive decay. Thus, based on this rather limited analysis,
it appears that the well GBI provides a reasonable upper bound on estimated doses.

However, the higher dose conversion factors for the well biosphere arevery much a
function of the nature of the two (chosen) biospheres. For instance, the lower water
turn-over rate in the well (compared to the pool) will contribute to the higher dose
conversion factors for the well biosphere. Also, the area of the playa has been set at 10
ha. If the aquifer discharges to a smaller surface area, it will result in higher dose
conversion factors. Thus, until more site-specific information on the actual behaviour of
the aquifer at the near surface is applied, it will be difficult to make a definitive
comparison between the two biospheres. What this study has suggested is that the
differences between the well and the pool/playa biospheres (and the exposure
pathways associated with each) may be sufficient to warrant better application of the
near surface ground water flow system at Yucca Mountain.

C.9 Conclusions

The following conclusions can be drawn from this study:

* The main exposure pathways for Tc-99 are similar for the well and the pool/playa
biospheres

* For 1-129, the main exposure pathways for the pool/playa biosphere are different
from those for the well biosphere, because of the differences in soil concentrations
and soil to plant concentration factors for 1-129.

* For Np-237, there is a significant contribution to peak total dose from dust
inhalation from both agricultural soil (contaminated with wind transported dust
from the playa) as well as directly from the playa. This was not the case with the
well biosphere.

C-50



Biosphere Modellig and Dose Assessment ofAlternative Geosphere/Biosphere Intefacesfor Y unin
Venter, G M Smith, B M Watkins, M Egan, R H Little)

More information is needed on the actual behaviour of the aquifer at the near
surface before a quantitative comparison between the well and the pool/playa
biosphere can be made. However, the differences between the two biospheres (and
the exposure pathways associated with each) may be sufficient to warrant better
application of the near surface ground water flow system at Yucca Mountain.
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C.11 Biosphere FEP List and RES Interaction Matrix Development Specific
to Yucca Mountain

BIOMOVS II Reference Biosphere FEP List applied to Yucca Mountain
(pool/marshland biosphere), First Iteration*

R = Re-instated; D = Deleted; AC = excluded or defined by
Assessment Context

FEP-code FEP-name Considered Comments

CLIMATE I

CLOO CLMATEY Affects range of biosphere processes. AC.

CLOO2 PRESENT CLIMATE Y Affects range of biosphere processes.
Provides constraints on Critical Group
Definition. AC and all LDEs and many ODEs.

CL003CLIMATE RANGES N See Assessment Context AC

CLOO4 TRANSITION N See Assessment Context. AC.
BETWEEN CLIMATES

CL0_5 CIMIATE CHANGES N See Assessment Context. AC.

CLO6 TUNDRA CLMIATE N See Assessment Context. AC.

CLOO7 WARM HUMID N See Assessment Context. AC.
CLIMATE

CLOO8 WARM ARID Y Present day conditions (CLO02). AC and all
CLIMATE LDEs and many ODEs.

CLOO9 GLASSHOUSE EFFECT N See Assessment Context. AC.

CRUTERIA

CRO01CRITERIA Y Still under development Assessment Context
provides endpoints to be calculated.

CR002 NINDIVIDUAL See Assessment Context AC.
ANNUAL DOSE TO
CRMCAL GROUP

CR003 ANNUAL RISK TO N See Assessment Context. AC.
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INDPVDUAL

CR004 LIFETIME DOSE TO N See Assessment Context AC.
INDIVIDUAL

CR005 LIFETIME RISK TO N See Assessment Context. AC.
INDIVIDUAL

CR006 COLLECTIVE DOSE N See Assessment Context. AC.

CR007 COLLECTIVE RISK N See Assessment Context AC.

CR008 DOSES TO OTHER N See Assessment Context. AC.
BIOTA THAN MAN

COMPARTMENTS

CO001 GROUNDWATER Y Groundwater discharge to the surface
environment. See (1.1) and (2.2)

C0002 TOP SOIL Y Use of pool water for irrigation will
contaminate the soil. See (6.6).

C0003 DEEP SOIL Y Irgation water may percolate to deeper soil layers.
See (5.5). Varibly saturated.

C0004 RIVER WATER N See Assessment Context. AC

C0005 LAKE WATER Y From the AC this could be man-made or modified
and controlled by man to provide water storage.
See (3.3)

C0006 RIVER SEDIMENT N See Assessment Context AC

C0007 LAKE SEDIMENT Y Deposition may result in contamination of
sediments. See (4.4). From the AC these
sediments may be present in a man-made water
storage body. See (4.4)

C0008 ATMOSPHERE Y Gaseous releases, volatilisation or dust
resuspension to atmosphere. See (8.8).

C0009 AQUIFER Y Provides Source Term. See (1.1) and (2.2)

CO010 WELL N See Assessment Context. AC

CO011 SEA WATER N Wand repository site. AC.

C0012 SEA SEDIMENT N inland repository site. AC.
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C0013 ELSEWHEREN Not applicable.

C0014 FLORAY See 9.9).

C0015 FAUNA Y See 10.10).

ECOSYSTEMS

ECO1 ECOSYSTEMS Y See other EC FEPs below. AC.

ECOOla LAND USES Y Defined in Assessment Context. See ((10.10)
and (11.11)

ECO02 FOREST N Not consistent with present day climate
conditions.

ECO03 HEATHER N Not consistent with present day climate
conditions.

ECO04 ALPINE/MOUNTAIN N Not consistent with present day climate
OUS MEADOWS conditions.

ECO05 GRASSLAND Y Irrigation water could be used. See (9.9).

ECO06 ARABLE LAND Y Irrigation water could be used. See (9.9).

ECO07 HEDGES N Hedgerow products not a major source of
food stuffs or materials.

ECOO8 WETLANDS Y Natural discharge of aquifer at surface
location. See (7.7)

ECO09 BOUNDARY FRESH Y Boundaries between rivers/lakes may change with
WATER TO LAND time. See (35,3.6,4.5,4.6). This could be due to

human influence.

EC00 MEANDERING N Special case of ECO9.
RIVERS

EC011 OPEN PITS FROM Y Possible mechanism for creation of pools. See
MINING (3.3).

ECO12 FISH PONDS Y Fish may be found in the pools. See (3.3).

ECO13 NATURAL Y Marsland. See (7.7)
ENVIRONMENTS

EC14 SEMI-NATURAL Y Marshland and pools. See (6.6,7.7)
ENVIRONMENTS
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ECO15 AGRICULTURAL Y Abstracted pool well water used for
ENVIRONMENTS agriculture. See (3.3, 6.6).

ECO16 URBAN N Excluded on basis of assessment context AC.
ENVIRONMENTS

ECO17 INDUSTRIAL N Excluded on basis of assessment context. AC.
ENVIRONMENTS

EXPOSURE

EX001BINTAKE Y Major exposure mode. See (12.12).

EXOO2 INHALATION Y Major exposure mode. See (12.12).

EX003 EXTERNAL Y Major exposure mode. See (12.12).
RADIATION

EX004 EXTERNAL Y Exposurepathway. See(8.11). Includes
RADIATION FROM immersion and exposure due to deposition.
THE ATMOSPHERE

EXOO5 EXTERNAL Y Exposure pathway. See (6.12)Jor nornal
RADIATION FROM agriculture. See (5.12) for deep ploughing, earth
SOILS works eta

EX006 EXTERNAL Y Exposure pathway. See (3.12).
RADIATION FROM
WATER

EX007 EXTERNAL Y Exposure pathway. See (4.12,7.12).
RADIATION FROM
SEDIMENTS

EX008 EXTERNAL N Irradiation from soil is worse See (6.12)
RADIATION FROM
BUILDING
MATERIALS

EX009 EXTERNAL N Irradiation from soil is worse See (6.12)
RADIATION FROM
FURNITURE

EX10 EXTERNAL N Irradiation from soil is worse See (6.12)
RADIATION FROM
VEGET~ATION

EX011 EXTERNAL N Irradiation from soil is worse See (6.12)
RADIATION FROM
ANIMALS
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EX012 EXTERNAL N Irradiation from soil is worse See (6.12)
RADIATION FROM
CLOTHING

EX013 EXENAL N Too detailed for current assessment
RADIATION FROM
MEDICAL
APPLICATIONS

EXO14 ITERNAL Y Major exposure mode. See (12.12).
EXPOSURE

EXO15 INGESTION Y Major exposure mode. See (12.12).

EX016 INGESTION BY Y Exposure pathway. See (3.12).
DRINKING

EX017 INGESTION OF TAP N Covered by EX016.
WATER

EX018 INGESTION OF Y Exposure pathway. See (9.12).
PLANT-DERIVED
DRINKS

EX19 INGESTION OF N Covered by EX016.
MINERAL WATER

EX020 INGESTION OF Y Exposure pathway. See (10.12).
ANIMAL DERIVED
DRINKS

EXO21 INGESTION OF MILK Y Exposure pathway. See (10.12).

EX022 INGESTION OF FOOD Y Exposure pathway. See (12.12).
PRODUCTS

EX023 INGESTION OF Y Implicitly included in EX 023. See (9.12,
WATER IN FOOD 10.12).
PRODUCIS

EX024 INGESTION OF SOIL Y Exposure pathuway. See 6.12, 7.12). Present m
fs or inadvertent ingestion.

EX024a INGESTON OF Y See (4.12). Present in foods or inadvertent
SEDIMENTS ingestion.

EX025 INGESTION OF Y Exposure pathway. See (9.12).
PLANT DERIVED
FOOD

EX026 INGESTION OF LEAF Y Exposure pathway. See (9.12).
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VEGETABLES

EX027 INGESTION OF Y Exposure pathway. See (9.12).
FRUITS

EX028 INGESTION OF ROOT Y Exposure pathway. See (9.12).
VEGETABLES

EX029 INGESTION OF Y Exposure pathway. See (9.12).
LEGUMES

EX030 INGESTION OF Y Exposure pathway. See (9.12).
GRAIN

EX031 INGESTION OF N Not part of current farming practice
FUNGI

EX032 INGESTION OF FRUIT Y Exposure pathway. See (9.12).
VEGETABLES

EX033 INGESTION OF Y Exposure pathway. See (10.12).
DAIRY PRODUCTS

EX034 INGESTION OF MEAT Y Exposure pathway. See (10.12).

EXo35 INGESTION OF FISH Y Exposure pathway. See (10.12).

EX036 INGESTION OF EGGS Y Exposure pathway. See (10.12).

EX037 INGESTION OF N Inland repository site. AC.
SEAPLANTS

EX038 PICA Y Exposure pathway. See (4.12, 6.12, 7.12).

EX039 INHALATION OF AIR Y Exposure pathway. See (8.12).

EXO4O INHALATION OF N Currently excluded (It is a potential exposure
SMOKE pathway, but has not been quantified)

EX041 INHALATION FROM N Currently excluded (It is a potential exposure
TOBACCO pathway, but has not been quantified)

EX042 DERMAL N Currently excluded (It is a potential exposure
ABSORPTION pathway, but has not been quantified)

EX043 EXPOSURE TO N Not in assessment context,
CHEMOTOXIC
MATERIALS

EX044 INGEST1ON OF OFFAL New Trnnsferfictors to offal much higher than to other
meatforsome radionuclides. See (10.12).
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HUMAN

HUO1 HUMAN N No metabolic modelling.

INTERFACES

INWIl INTERFACE Y See (2.3,2.7,3.2)
GEOSPHERE-
BIOSPHERE

IN002 GEOSPHERE Y Aquifer flows directly into biosphere. See
AQUIFER (1.1,2.2)

IN003 WELL INTO N See Assessment Context. AC
GEOSPHERE
AQUIFER

PROCESSES - HUMAN

PH001 CHEMICAL Y Affects migration and accumulation. See
CHANGES (11.11).

PH02 CHEMICAL Y Affects migration and accumulation. See
POLLUTION (11.11).

PH003 PHYSICAL CHANGES Y Affects migration and accumulation. See
(11.11).

PHOD4 HUMAN EFFECTS ON Y Affects contamination concentrations. See
WATER POTENTIALS (11.11).

PHO5 WELL SUPPLY N See AC.

PH006 IRRIGATION/ULVESTO Y Contaminant migration pathway. See (3.6,
CK WATERING 3.10).

PHOO7 WATER EXTRACTION Y Extraction from surface water inpoundment
see C0005. See (3.11).

PHO8 WATER RECHARGE Y Rainfall and well water dilution of surface
water body. See (83).

PH009 ARTIFICIAL MDNG N Not part of current farming practice
OF LAKES

PH010SOLID MATERIAL Y Humans may redistribute contaminated
TRANSPORT nmaterial. See (11.11).

PH011AGRCULTURALY Agricultural activities may redistribute
ACTVlATIES contaminated material. See (11.11).

I

i

i
f

I
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PHO12 PLOUGHING Y Agricultural activities may redistribute
contaminated material. See (11.6).

PH013 DEEP PLOUGING Y Agricultural activities may redistribute
contaminated material. See (11.5).

PHO14 DREDGING OF Y Mechanism for redistribution of contaminants
SEDIMENTS TO SOIL giving rise to additional exposure. See (11.4).

PHO15 EARTH WORKS N Not part of current farming practice in
Amargosa Valley

PHO16 DAM BUILDING N Not part of current farming practice in
Amargosa Valley

P017 RECYCLING OF Y Mechanism for redistribution of contaminants
SOLID MATERIALS giving rise to additional exposure. See (11.11).

PHO18 RECYCLING OF CROP Y Mechanism for redistribution and/or
RESIDUES accumulation. See (11.11).

PHO19 MANURE TO SOIL Y Mechanism for redistribution and/or
accumulation. See (9.6,10.6,11.6).

PHO20 RECYCLING OF Y Mechanism for redistribution and/or
ASHES accumulation. See (11.11).

PHO21 SEWAGE SLUDGE Y Mechanism for redistribution and/or
accumulation. See (11.6).

PH022 RECYCLING OF NON- Y Mechanism for redistribution and/or dilution.
CONTAMINATED See (11.11).
MATERIALS

PH023 REMOVAL OF SOLIDS N Not compatible with Assessment philosophy
(cautious but reasonable)

PH024 TRANSPORTING Y Mechanism for redistribution and/or dilution.
SOLUTES See (3.6,3.11).

PH025 LAND N Not part of the Assessment Context. AC
RECLAMATION

PH026 FILTRATION OF N Cautious assumption
DRINING WATER

PH027 STORAGE OF N Not significant impact.
PRODUCTS

PH028 SHIELDING Y Mechanism for decreasing activity, e.g. water
over sediments. See (3.3).
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I
I
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I

i
I

i

PH029 AIR FILTRATION N Cautious assumption

PHO30 WATER FILTRATION N Cautious assumption

PHO31VENTILATION N Cautious assumption

PH032 FOOD PROCESSING N Cautious assumption

PROCESSES

PROM CHANGES IN N See Assessment Context. AC
PROPERTIES OF
ENVIRONMENTAL

PROO2 SEASONALITY OF Y Taken into account when determining the
MEDIA PROPERTIES relevant annual averages.

PRO03 CHEMICAL N The biosphere is considered to be in dynamic
CHANGES equilibrium, according to the Assessment

Context

PROO3at CHEMICAL N Not signtifamt
WEATHERING

PROO4 ACID RAIN N Insignificant

PRO05 ALCALINISATION N Insignificant

PROO6 CHEMICAL N Does not have a significant effect
CHANGES BY (Bioturbation?)
MICROORGANISMS

PROO7 CHEMICAL N See PRO03
CHANGES CAUSED
BY PLANTS

PRO08 PHYSICAL CHANGES N As defined by the Assessment Context. AC

PR008a PHYSICAL Y Included in (4.6,4.7,5.6,6.3, 6.7)
WEATHERING

PRO09 AGEING OF LAKES N ot in Assessment Context

PRO10 GAS TRANSPORT Y Contaminant transport in or by gases or
volatiles,. See (3.8,6.8,7.8).

PROlAEROS0LS Y Covered by PROMO.

TRT

PR012 WATER TRANSPORT Y Water movements between compartments.
_See (2.3,2.4,2.7,3.5,3.6,3.7,3.11,4.5,5.2,5.3,
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5.6,5.7,6.5,6.9,7.9,7.3,8.3,8.6,8.9,8.7,9.6,
9.8)

PRO13 E FFCT OF CLIMATE N See Assessment Context
ON WATER
POTENTIALS

PRO14 RANFALL Y Affects migration and accumulation. See (8.3,
8.6, &7,8.9).

PR 15 EVAPORATION Y Affects migration and accumulation. See (3.8,
6.8).

PRO16 VIR II Y Affects migration and accumulation. See (9.8).
ON

PROI6a RESPIRATION New See (9.8).

PRO17 EFFECT OF HEATING N Not significant
IN WATERBODIES

PRI8 ROOT UPTAKE Y Contaminant movementfrom soil water to internal
plant. See (4.9, 5.9, 6.9, 7.9). Fromfreshwater
.sediment as well as soil.

PRO19 SURFACE RUN-OFF Y Affects migration and accumulation. See (3.6,
6.3).

PRO2O INFILTRATION Y Affects migration and accumulation. See (6.5).

PR21 PERCOLATION Y Affects migration and accumulation. See (5.2).

PR022 CAPILLARY RISE Y Affects migration and accumulation. See (5.6,
5.7).

PR023 BIOLOGICAL WATER Y Affects migration and accumulation. See (9.8,
TRANSPORT 10.7,10.4).

PR024 AMOSPHERIC Y Affects migration and accumulation. See (8.3,
WATER TRANSPORT 8.6,8.7,8.9).

PR025 SOUD MATERIAL Y Affects migration and accumulation. See (3.4,
TRANSPORT 3.8,4.3,4.5,4.6,4.7,5.4,5.11,6.3, 6.7,6.9,6.10,

7.9,7.6,7.10,8.7).

PR026 ATMOSPHERIC Y Affects migration and accumulation. See (6.8,
RESUSPENSION AND 7.8,8.6,8.7).
DEPOSITION

PR027 WASHOUT Y Affects migration and accumulation. See (8.6,
8.9).
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PR028 WET DEPOSITION Y Affects migration and accumulation. See (8.3,
8.6,8.7,8.9).

PR029 DRY DEPOSITION Y Affects migration and accumulation. See (6.3,
6.7,7.6,8.3,8.6,8.7,8.9).

PR030 SOIL RESUSPENSION Y Affects migration and accumulation. See (6.8,
7.8).

PRO31 WIND EROSION Y Affects migration and accumulation. See (8.6).

PR032 SOLID MATERIAL Y Affects migration and accumulation. See (3.3 -
TRANSPORT WITH 3.6).
WATER

PR033 SEDIMENT Y Affects migration and accumulation. See (43,
RESUSPENSION 10.4-10.7).

PRO34 TRASPORT OF Y Affects migration and accumulation. See (3.3 -
COLLOIDS 3.6,4.3 - 4.6,6.5,6.6,8.6).

PR035 TRANSPORT OF Y Affects migration and accumulation. See (33,
SUSPENDED 3.7, 7.3,8.8).
SEDIMENT

PR036 WATER EROSION Y Affects migration and accumulation. See (3.4 -
3.6,5.4,63).

PR037 SEDIMENTATION Y Affects migration and accumulation. See
(3.43.7).

PR038 EROSION BY FLOODS Y Affects migration and accumulation. See (3.7).

PR039 SOLID MATERIAL N See Assesment Context. AC
TRANSPORT BY
LAND SLIDES

PR040 SOLID MATERIAL N See Assesment Context. AC
TRANSPORT BY
ROCI FALL

PRO41 SOLID MATERIAL Y AffecS migration and accumulation. See
TRANSPORT BY (6.10,7.10,10.4-10.7).
BIOLOGICAL
ACIIJVITY

PR042 BIO BATION Y Affects migration and accumulation. See
(10.4-10.6).

PR043 SEDIMENT TO SOIL Y Affects migration and accumulation. See (4.5,
4.6,4.7).
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PR044 CHEMICAL Y Affects contaminant availibility. See (33,4.4,
REACTION 5.5,6.6,7.7,8.8, 9.9, 10.10,11.11).

PR045 DISSOLUTION Y Affects contaminant availibility. See (4.4, 5.5,
6.6).

PR046 CHEMICAL Y Covered in PR044.
PRECIPITATION

PR047 SORPIION/ADSORPT N Covered in PR044.
ION

PR048 DESORPTION N Covered in PR044.

PR049 SOLUTE TRANSPORT Y Affects migration and accumulation. See (3.3,
4.4,5.2,5.5,6.5,6.6,8.6,8.9, 113).

PRO50 ADVECTION/CONVE Y Affects migration and accumulation. See (23,
CTION 33,3.4,3.7,4.5,53,7.3).

PRO51 DILUTION Y Affects migration and accumulation. See (3.3,
3.5,3.7,5.2, 5.3,6.5,73,8.6-8.9).

PRO52 DESPERSION Y Affects migration and accumulation. See (3.3,
4.4,5.5,6.6,8.8).

PR053 DIFFUSION Y Afects migrationand accumulation. See (3.3,
3.4,4.3,4.4,5.5,5.6,6.6, 7.7). Gaseous and in
water.

PRO54 AEROSOL Y Affects migration and accumulation. See (3.8,
FORMATION FROM 6.8, 7.8)
SOLUTES AND
TRANSPORT

PRO55 BIOLOGICAL Y Affects migration and accumulation. See (2.9,
TRANSPORT OF 3.9,4.9,5.9,6.9,7.9,10.3 - 10.8,).
SOLUTES

PR056 VOLATILISATION Y Affects migration and accumulation. See (5.6,
6.7,7.8).

PR057 SUBLIMATION Y Affects migration and accumulation.
Included in PR056.

PR058 CONDENSATION Y Affects migration and accumulation. See
(8.6-8.9).

PR059 COMPLEXATION Y Affects migration and accumulation. See (5.5,
6.6,7.7).
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PR060 SOIL FORMATION Y Affects migration and accumulation. See (4.5,
4.6,4.7,5.5,6.6,6.7,7.6,8.6,8.7).

PRO6t TRANSLOCATION Y Affects migration and accumulation See (9.9).

PR062 CROP Y Affects migration and accumulation. See (6.9,
CONTAMINATION 7.9,8.9,10.9,11.10).
WYm SOLIDS

PR063 CROp Y Affects migration and accumulation. See (3.9,
CONTAMINATION 5.9,6.9,7.9,8.9,9.8,10.8,11.9).
WITH SOLUTES

PRO63A iNTERCEP77ON Y See (3.9).

PRO63b IRRIGATION Y See (3.9) Differentfor different crop types.
REQUIREMENT
CROPS

PR064 CROP Y Affects migration and accumulation. See
CONTAMINATION (10.9, 11.9).
BY MANURE

PR065 WEATHERING Y Affects migration and accumulation. See (9.3-
9.7).

PR066 LIVESTOCK Y Affects migration and accumulation. See
METABOLISM (103,10.4,10.6 - 10.9).

PR067 INTAKE BY Y Af migration and accumulation. See
LIVESTOCK (3.10,4.20,6.10,7.10,8.10,9.10,11.10).

PRC68 INTAKE OF PLANTS Y Affects migration and accumulation. See
BY LIVESTOCKAND (9.10,11.10).
FISH

PR069 INTAKE OF WATER Y Affects migration and accumulation. See
BY LIVESTOCK (3.10,11.10).

PRO70 INTAKE OF SOIL BY Y Affects migration and accumulation. See
IVESTOCK (6.10,7.10).

PR070a INTAKE OF Y See (4.10).
SEDIMENTS BY FISH
AND LIVESTOCK

PRO71 INHNALATAONAND Y Affects migration and accumulation. See
EXIIAL4T7ON BY (8.10,10.8).
LIVESTOCK

PR072 INTAKE OF OTHER Y Affects migration and accumulation. See
_FAUNA BY I
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LIVESTOCK (10.10).

PR073 INTAKE OF Y Affects migration and accumulation. See
RECYCLED (11.10).
MATERIAL BY

_LIVESTOCK_

PR074 INTERNAL Y Affects migration and accumulation. See
TRANSFER IN (10.10).
ANIMALS

PR075 EXTERNAL Y Affects migration and accumulation. See
CONTAMINATION (4.10,6.10,7.10,8.10).
OF LIVESTOCK

PR076 SEASONALITY IN Y See PRO02
FOOD CHAINS

PR077 CHANGES IN N See PRO01
ENVIRONMENTS

PR078 BURNING N Unlikely to be more significant than other
processes

PR079 SNOWFALLN Not in present climate.

PROBO WATER DISCHARGE Y Aquifer to surface environment. See (23,2.4,
2.7)

PRO81 WATER RECHARGE Y Recharge of aquifer. See (3.5,5.3)

PR082 INTAKE Y Animal intake. See (9.10,10.10,11.10).

PR083 INTAKE BY FISH Y Fish intake. See (9.10,10.10, 11.10).

PRODUCTS

P0001 ARTIFICIAL Y Affects availability and crop yields. See (11.6,
FERTILISERS 11.9).

P0002 NATURAL Y Affects availability and crop yields. See (93,
FERTILISERS 9.6,9.7,103,10.4,10.6,10.7,10.9).

P0003 GREEN FERTILISER Y Affects availability and crop yields. See (9.3,
9.7,10.3,10.9).

P0004 PLANTS IN MANURE Y Affects availability and crop yields. See (10.9).

P0005 ORGANIC MANURE Y Affects availability and crop yields. See (103,
10.4,10.6,10.9).
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P0006 y CROSAffects intake. See (9.9).

P0007 GRASS Y Affects intake. See (9.9).

P0008 FODDER Y Affects intake. See (9.9,9.10, 11.10).

P0009 GRAINY Affects intake. See (99).

POO10 ROOT CROPS Y Affects intake. See (9.9).

P0011 LEAF VEGETABLES Y Affects intake. See (99).

P0012 FRUIT Y Affects intake. See (9.9).

P0013 N ETSN Maybe included if shown that it is regularly
produced locally

P0014 FUNGI N Not produced locally. AC

P0015 WOODN Not part of current farming practice. AC

P0016 LEGUMINOSAEY Affects intake. See (9.9).

P017 FRUIT VEGETABLES Y Affects intake. See (9.9).

P0018 LIVESTOCK Y Affects intake. See (10.10).

P0019 HORSE N Present society/Assessment context.

P0020 COW Y Affects intake. See (10.10).

P0021 COWS FOR MILK Y Affects intake. See (10.10).

P0022 COWS FORNMEAT Y Affects intake. See (10.10).

P0023 PIG Y Affects intake. See (10.10).

P0024 GOAT N Not part of current farming practice. AC

P002.5 SHEEPY Affects intake. See (10.10).

P0026 POULTRY Y Affects intake. See (10.10).

P0027 RABBiTS N Present society/Assessment context.

P0028 CATS N Present society/Assessment context.

P0029 DOGS N Present society/Assessment context.
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P0030 FISH Y Affects intake. See (10.10).

P0031 NON-FOOD N Present society/Assessment context
PRODUCTS

P0032 BUILDING MATERIAL N Present society/Assessment context

P0033 SOIL AS BUILDING N Present society/Assessment context.
MATERIALS

P0034 ROCK AS BUILDING N Present society/Assessment context.
MATERIALS

P0035 PLANT AS N Present society/Assessment context.
BUILDING MATERIAL

P0036 METALS AS N Assuming no recycling of metals from
BUILDING MATERIAL repository by agricultural community.

P0037 MATERIALS FOR N Present society/Assessment context.
FURNTURE AND

P0038 PLANTS AS N Present society/Assessment context.
MATERIAL FOR
FURNITURE

P0039 METAL AS N Assuming no re-cycling of metals from
MATERIAL FOR repository by agricultural community.
FURNITURE

P0040 ANIMAL PRODUCT N Present society/Assessment context.
FOR FURNITURE

P0041 MATERIALS FOR N Present society/Assessment context.
CLOTHING_____

P0042 ANIMAL PRODUCTS N Present society/Assessment context.
AS CLOTHNG

P0043 PLANT PRODUCTS N Present society/Assessment context.
FOR CLOTHING

P0044 MATERIALS FOR N Present society/Assessment context.
ENERGY

P0045 PLANT MATERIAL N Present society/Assessment context.
FOR ENERGY

0SOIL FOR ENERGY N AC.
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P0047 ANIMAL PRODUCTS N AC.
FOR ENERGY

P0048 WAS FORENERGY N Present society/Assessment context.

P0049 FOOD PRODUCTS Y Affects contaminant concentrations in animal
FORANIMALS products. See (9.10,11.10)

P0050 WATER FOR Y Affects contaminant concentrations in animal
ANIMALS products. See (3.10,11.10)

P051 PLANTS FOR Y Affects contaminant concentrations in animal
CONSUMPTION BY products. See (9.10)
ANIMALS

P0052 ANIMAL PRODUCTS Y Affects contaminant concentrations in animal
FOR CONSUMPTION products. See (10.10)
BY ANIMALS

P0053 WASTE PRODUCTS Y Affects contaminant concentrations in animal
FOR CONSUMPTION products. See (9.10,10.10)
BY ANIMALS

P0054 FOOD FOR HUMANS Y Affects intake. See (9.12,10.12)

P0055 DRINKING WATER Y Affects intake. See (3.12)

P0056 WATER IN FOOD Y Affects intake. See (9.12, 10.12,11.12)
PRODUCTS FOR
HUMANS

P0057 WATER IN DRINKS Y Affects intake. See (3.12)
FOR HUMANS

P0058 PLANT PRODUCTS Y Affects intake. See (9.12)
FOR HUMANS

P0059 ANIMAL PRODUCTS Y Affects intake. See (10.12)
FOR HUMANS

P0060 SEAPLANTS N Iland site.

PURPOSE

PUOOI PURPOSE OF THE N See Assessment Context.
ASSESMENT

PU002 ILUSTRATION OF N See Assessment Context.
METHODOLOGY
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PU003 DEMOSTRATION OF N See Assessment Context.
COMPLIANCE WITH
CRITERIA

RELEASE MECHANISM See Assessment Context.

MEOO1 RELEASE N See Assessment Context.
MECHANISM

MEOO2 GROUNDWATER Y See Assessment Context.
RELEASE

ME003 GASEOUS RELEASE N See Assessment Context.

ME004 SOLID MATERIAL N See Assessment Context.
RELEASE

REPOSITORY TYPE See Assessment Context.

TYOO 1REPOSH'ORY TYPE Y See Assessment Context.

TYOO2 DEEP I4LAND HLW Y See Assessment Context.
REPOSITORY

TY003 DEEP COASTAL HLW N See Assessment Context.
REPOSITORY

SOCIETY See Assessment Context.

SOOO1 SOCIETY Y See Assessment Context. See (11.11)

S0002 SELF-SUSTAINING Y See Assessment Context. See (11.11)
AGRICULTURAL
COMMUNITY

S0003 PRESENT SOCIETY IN N See Assessment Context.
WESTERN EUROPE

S0004 CRITICAL HABITS Y See Assessment Context See (12.12).

TIME

T1001 FINITE TIME LIMIT N
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D
INTERACTION BETWEEN CONVECTION AND

COUNTERCURRENT FLOW IN A GRAVITY-DRIVEN

HEAT PIPE (B ROSS)

DA Introduction

Predictions of the thermohydraulic behavior of a repository at Yucca Mountain are
subject to many uncertainties. The paucity of data about the flow properties of the
rocks is an important source of these uncertainties, but it is by no means the only one.
Another important unknown involves physical processes: how mountain-scale
convective gas flow will interact with countercurrent flow of water and water vapor in
the immediate vicinity of the repository.

Convection must be analyzed on the mountain scale because the strength of convective
flows grows with the length scale. But processes on this scale cannot be fully elucidated
by either experiments or current computer models. Mountain-scale experiments are
simply not practicable. Large-scale convection can be modeled by computer, but there
are severe difficulties in modeling countercurrent flow and convection simultaneously.
The problem is that small grid blocks are needed to accurately depict some aspects of
countercurrent flow, such as wetting fronts. A mountain-scale model with such small
grid blocks would require enormous memory and computing time. As a result, no one
has yet succeeded in simulating both convection and countercurrent flow on the
appropriate time and distance scales in the same computer run. At best [Buscheck,
1998], mountain-scale and local models have been run iteratively, with the larger-scale
models providing boundary conditions for the smaller ones.

Modeling is most difficult when the repository heat load is high and temperatures are
near or above the boiling point. Sharp wetting fronts make intrinsic length scales short,
and fluid properties are discontinuous, requiring use of fine grids. Furthermore,
instabilities (both numerical and physical) are more common, and model results are
highly sensitive to details of assumptions about interactions between water and the
porous medium.
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The goal of this report is to provide a simple model of flow behavior in the high-heat-
load period. We distinguish two different flow regimes that can occur in this period. In
one regime, convection dominates over boiling. Gas flow near the repository is upward
everywhere, and temperatures are held below the boiling point.

In the other regime, permeability is smaller and the heat load is greater. Boiling
produces more heat and more water vapor than convection can carry upward.
Temperatures exceed boiling, and gas flows away from the heat source both upwards
and downwards.

The specific objective of this report is to determine where the boundary between these
two regimes lies. We will obtain an approximate analytical solution for this boundary.
This solution provides insight into the physics of the system and can also be used to
check numerical computer models.

D.2 Assumptions

This report analyzes a simple model of gas flow at Yucca Mountain when the repository
temperature approaches the boiling point. The model can be described physically as a
"gravity-driven heat pipe". A similar analysis was presented briefly by Buscheck and
Nitao [1994], but here the earlier results are clarified, simplified, and extended. The
simple model rests on the following assumptions:

1. The repository heat source is a uniform disk.

2. The zone of hot rock is a continuous layer, not penetrated by any areas of cooler
temperature. In other words, the hot disk has no "holes".

3. Interactions between gas, fracture water, and matrix water are governed by "local
equilibrium". Local equilibrium is important here only to establish that temperature
and gas pressure are the same in fractures and matrix. The transfer of liquid water
between fractures and matrix, for which the local equilibrium assumption is now
questioned [Bandurraga and Bodvarsson, 1997; Ho, 1997], has little relevance to
analyses like this one which focus on gas flow [Doughty and Bodvarsson, 1997].

4. The pressure changes caused by evaporation, condensation, and buoyancy effects
are much less than one atmosphere. The fracture system at Yucca Mountain is
sufficiently permeable and the rate of evaporation in the future repository are
indeed small enough to prevent pressure build-ups. This has been shown by
numerical modeling [Wilder, 1996] and confirmed by the results of field tests
[Wagner, 1997; Wilder, 1997].

D-2



INTERACTION BETWEEN CONVECTION AND COUNTERCURRENT FLOW IN A GRAVITY-DRiVEN
HEAT PIPE (B Ross)

5. The rock does not dry out unless the temperature exceeds the boiling point. This
implies that as temperature approaches the boiling point, the composition of the gas
approaches pure water vapor.

6. Condensate drains rapidly and uniformly down through fractures, allowing a single
water molecule to go through many cycles of evaporation and condensation. As
will be shown below, this countercurrent flow "pins" the temperature of the hot zone
close to the boiling point.

7. Fluid flows and heat sources are constant in time.

8. Liquid water entering the system from above and draining out of the system, and
vapor exiting the system into the atmosphere, has less influence on temperature
than water moved by thermal forces.

Assumptions (1) and (2) are commonly made in numerical analyses of thermohydraulic
behavior of Yucca Mountain. They are therefore very appropriate for calculations
aimed at understanding numerical model results; whether they are appropriate for
predicting the physics of the future repository is less certain, and the effect of dropping
assumption (2) will be examined below. Assumptions (3) and (4) seem to be well
justified by the modeling studies and field tests cited above. Assumption (7) is a
simplification necessary to obtain an analytical solution; because heat source from
radioactive decay changes slowly over time, this assumption is not unreasonable in an
analysis aimed at understanding the qualitative behavior of the system. Assumption (8)
is another necessary simplification; its accuracy is uncertain, so in the discussion below
we use the analytical solution to assess the effect of relaxing it.

Points (5) and (6) are the most interesting assumptions. They correspond to a situation
where a "heat pipe" would be expected to develop. Our previous modeling work on
convective heat transfer at Yucca Mountain [Amter et al., 1991; Ross et al., 1993; Zhang
et al., 1994] was based on very similar assumptions, which were worked out in much
more mathematical detail than will be necessary here. Models based on direct
numerical solution of the governing equations, such as TOUGH, take a different
approach. In these models, the extent of rock dry-out and condensate drainage is
calculated from system properties rather than directly assumed. But some of the
relevant properties are not directly measurable, and modelers often choose values of
these parameters so as to produce the drainage and dry-out behavior that the modeler
expects [Pruess et al., 1990; see Bandurraga and Bodvarsson, 1997, for a more recent
discussion of the difficulty of determining fracture flow properties at Yucca Mountain].
In essence, this approach also starts from assumptions about heat-pipe behavior, but
the assumption enters the model indirectly.
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D.3 Conceptual model

In the introduction to this report, we distinguished two regimes. In one regime, gas
flow is upward and temperatures remain below the boiling point; in the other, gas
flows outward from the repository in both directions and temperatures rise above
boiling. This distinction presumes a link between flow direction and maximum
temperature.

We must show that this link exists, given the assumptions stated above. This
demonstration, like the mathematical analysis in the next section, is based on reasoning
that starts with assumptions about temperature and determines what gas flow pattern
and thermal loading are consistent with the assumed temperature. This may seem
'backwards" from the strategy usually followed by numerical models, which calculate
temperatures from assumed heat inputs and material properties.

The demonstration begins by assuming that rock temperature exceeds the boiling point
in some zone of rock. Now by assumptions (3) and (5), the gas phase is in equilibrium
with liquid water at the boundary of this zone, where the rock temperature is exactly
equal to the boiling point. The partial pressure of water vapor at such points is
therefore equal to atmospheric pressure. Assumption (4) states that the total gas
pressure is very dose to atmospheric, so by subtraction the partial pressure of dry air
(the total of all components of the gas other than water vapor) is very close to zero
wherever the rock temperature is at the boiling point. This means that along the surface
defined by the boiling isotherm, the gas is composed almost entirely of water vapor.
The same must be true at steady state for the region inside that isotherm, where
temperature is above the boiling point, because before a steady state could be
established, any gases other than water vapor that might have initially been present
within the above-boiling region would be displaced by evaporating water.

It is only a slight idealization to say that no dry air (shorthand for all the non-
condensable components of air) can enter the zone where rock temperature is above
boiling, so no dry air flows through such regions. Because flow in areas where
temperature is below boiling necessarily moves dry air, above-boiling regions act as
obstacles that block gas flow elsewhere. This implies X under our assumptions X that
heating the entire repository above boiling makes the repository an obstacle to gas flow
and prevents mountain-scale convection.

On the other hand, if temperatures in the repository remain below boiling, a portion of
the gas is dry air everywhere. The gas flux cannot be outward in all directions from any
point, because such a flow pattern would remove all the dry air. Rather, the density
difference between hot and cold gas causes convective gas flow. This is the second flow
regime.
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The main objective of this report is to identify the conditions that determine which of
these two regimes will occur. It turns out that it is easiest to analyze the case where
temperatures are below boiling and convective flow occurs. The boundary between the
two regimes is located by analyzing this case in the limit where the maximum
temperature approaches boiling and convective flow is cut off.

A mathematical solution to this problem is presented in the next section. But we first
discuss it qualitatively in order to clarify the physics. The qualitative analysis focuses
on a single stream tube of the gas flow in the convective-flow regime. Figure D-1 shows
the geometry of a U-shaped stream tube open to the atmosphere; the argument would
be unchanged for a dosed stream tube.

SM= mTube

Figure D-1
Geometry of repository, heat-pipe zone, and convective stream tube.

We assume that temperatures approach, but do not reach, the boiling point. As gas
flows along the stream tube, the mass of gas is not conserved because evaporation adds
water vapor to the gas phase and condensation removes it. The material balances in
this situation are discussed in detail by Ross et al. [1992]. As the gas flows, the mass of
dry air (all the components of air except water vapor) is conserved, and therefore the
definition of a stream tube implies that the flux of dry air across any cross-section of the
stream tube must be the same. Because the total gas pressure is approximately
invariant, the following relationship holds between the gas fluxes at two points i and j
along the same stream tube:

Af1*frpiqi = Ajf} pjq, (eq. D-1)

where A is the cross-sectional area of the stream tuberf is the mass fraction of the gas
composed of dry air, p is the gas density, and q is the volumetric gas flux.
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What happens in our model when temperatures at the repository are very close to
boiling? By assumption (4), the gas is at approximately the same pressure as the
atmosphere (at that elevation), so its composition approaches pure water vapor. The
amount of dry air approaches zero in the repository, while remaining large in the rest of
the mountain. (If the boiling point is 95 0 Cf is 0.98 at 25 0C, 0.42 at 85 0C, and 0.23 at
90 C, so "very close" to boiling means within a degree or two.) The other parameters in
Equation (1) change much less: the cross-sectional area of the stream tubes, A, is largely
controlled by the geometry of Yucca Mountain, and varies relatively little; the gas
density also does not change greatly, and in fact declines with increasing temperature.
Equation (1) thus implies that where temperature is very dose to boiling andf t is very
small, the flux q must be much greater than in other parts of the mountain.

Because the vapor content and velocity of the gas are large when temperature is near
boiling, the convective heat flux is also large. This highly efficient heat transfer
prevents the temperature of rock that is near the boiling point from rising further. With
very little of the repository's heat output transferred by conduction in this zone, thermal
gradients are very small and the temperature is "pinned" just below the boiling point.
The main heat transfer mechanism involves water that evaporates, rises as vapor,
condenses, drains downward, and evaporates again. This is what is known as a heat
pipe. We call the zone of small temperature gradient the heat-pipe zone.

The heat-pipe effect controls the gas flow in the area surrounding the repository.
Because the partial pressure of water vapor in the heat-pipe zone is maintained very
close to atmospheric pressure by the constant evaporation of condensate, very little dry
air is able to cross that zone. This exclusion effect blocks the mountain-scale convective
circulation of dry air. Because there is very little gas flow outside the heat-pipe zone,
the pressure at points outside the hot zone is not significantly affected by the presence
of the repository. In particular, the pressure of the gas beneath the heat pipe is
determined by the weight of air in the cold leg of the stream tube shown in Figure D-1.
Since the hot water vapor in the heat-pipe zone is much less dense than the cold air it
has displaced, the pressure difference across this zone is much greater than the weight
of the gas in the zone. The effect is to concentrate the entire driving force created by the
density difference between hot and cold gas across the heat-pipe zone. The upward
vapor flux, and consequently the heat transfer, is therefore much larger under heat-pipe
conditions than when driven by mountain-scale convection.

In the boiling-point limit, we have the following physical picture. Water evaporates at
the bottom of the heat-pipe zone, flows upward as vapor, and condenses. The
condensate quickly flows back down through the fractures and evaporates again. The
temperature is at the boiling point, with zero gradient, throughout the heat-pipe zone;
the heat flux is transferred by countercurrent flow of liquid and vapor. Outside the
heat-pipe zone, there is no gas flow. Heat is transferred by conduction, and
temperature gradients are large.
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D.4 Equations and solution

Our model can be analyzed quantitatively. We begin with Darcy's Law, which relates
the total gas flux, q, at any point to the pressure P, the gas density, p, the effective
permeability, k, and the viscosity, 0:

q= -- (VP-gp) (eq. D-2)
P

This can be rearranged as

VP - q + gp2 (eq. D-3)
k

We now take a contour integral which passes through the heat pipe once. One
convenient contour to use for this integration is along the stream tube, connecting
through the atmosphere, but any contour with one vertical leg through the heat pipe
and another far away from it will do. The gradient term drops out because pressure is a
scalar potential, and the integration gives:

, !Aq.ds =fgp2*ds (eq. D4)

Now, in the limit where the repository temperature approaches boiling, q becomes zero
everywhere outside the heat-pipe zone. Within the heat-pipe zone, temperature is fixed
at the boiling point. If q were to vary at any point within this zone, latent heat would
be released or absorbed. To maintain steady state, heat would need to be transferred to
or from the point by conduction, making the second derivative of temperature at that
point non-zero. Because this would contradict the previous conclusion that
temperature is uniform, the gas flux in the heat-pipe zone must be a constant, which
will be denoted q.

Because O is a function only of temperature, it also is constant. By assumption (6)
above, the fractures through which gas flows are not obstructed by water draining
through the heat-pipe zone, and the effective permeability to gas can be taken as a
constant as well. The integral on the left-hand side of (eq. D-4) can thus be replaced by
a simple product

i q- ds = PU qH (eq. D-5)
k k
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where H is the thickness of the heat-pipe zone.

The integral on the right-hand side of (eq. D4) is simply the difference in weight per
unit area between the hot and cold gas columns. This we approximate by the weight
difference between the water vapor in the heat-pipe zone and cold air, giving

fgp -ds = g(p: - p95)H (eq. D-6)

where p,,' is the density of moist air at 25 'C and pWV9' is the density of pure saturated
water vapor at 95 'C. The density differences between the hot and cold air columns
above and below the heat-pipe zone can reasonably be neglected because away from
the heat pipe the density of the hot column rapidly approaches that of the cold. There
are two reasons for the rapid convergence of densities. First, because the large
quantities of heat that are carried by the heat pipe must be transferred by conduction
through the surrounding rock, temperature gradients are large just outside the heat
pipe. Second, the vapor pressure of water varies sharply with temperature, so that the
mass fraction of dry air in the gas phase rises to 0.42 when the temperature falls to 85
'C. Because the density difference between hot water vapor and room-temperature air
is mostly due to the molecular weight difference between water and nitrogen rather
than to thermal expansion, the density of the hot gas column rapidly approaches that of
the cold column as the temperature of the hot column falls below boiling. These two
factors combine to make the density transition a sharp one.

Substituting (eq. D-5) and (eq. D-6) into (eq. D-4) eliminates H and yields

gk @25 _9 (q

As g, 4b, and the densities at the specified temperatures are physical constants, (eq. D-7)
gives a simple linear relationship between the upward flow of water vapor through the
heat-pipe zone X and by extension the downward flow of condensate X and the
permeability.

QN= qkp9 (eq. D-8)

The upward flux of latent heat is proportional to the water vapor flux by where hk is the
heat of vaporization. Inserting this relationship into (eq. D-7) yields an expression for
the heat load transferred upwards, QW
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QH = ak Gr - P95 95 (eq. D-9)

Equations D-7 and D-9 describe the limiting case in which the temperature of the heat
pipe reaches boiling. When the temperature approaches but does not reach boiling, the
heat load and water flux will be less than the values given in these equations.

Buscheck and Nitao [1994, Eq. (4)] give a formula that resembles (eq. D-9). The formula
given by these authors apparently (no derivation is given) considers only buoyant
forces arising from thermal expansion and neglects the difference in molecular weight
between air and water vapor. In Buscheck and Nitao's treatment, the zone of buoyant
gas is much thicker than the heat-pipe zone, and the formula they give contains a ratio
of these thicknesses which drops out of our result.

The limiting values of downward condensate flux (eq. D-7) and upward heat flux (eq.
D-9) are shown graphically in Figure D-2 as a function of bulk rock permeability, using
the following values [Haar et al, 1984; Lide, 1994] for the other parameters in the
equations:

g = 9.8 m/s2

¢ = 1.2X104 kg/m-s

pW5 = 0.504 kg/m'

p - 1.293 kg/m3

hk = 2.27X106 J/kg
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Figure D-2
Upward heat flux and downward condensate flux In a gravity-driven heat pipe at
the boillng-point limit, as a function of temperature.

The vertical scales are given in units commonly used to discuss the repository, kW/acre
of heat transfer and mm/yr of liquid water percolation. Gas flux in m/s is converted to
liquid flux in mm/yr by multiplying by the density of the gas, pwv'9 and 3.15X10' s/yr,
and dividing by the density of water, 103 kg/rn3 . For heat transfer, the conversion factor
of 1 kW/acre = 0.247 W/m2 is used.

D.5 Discussion

The diagonal solid line in Figure D-2 represents the maximum amount of heat (on the
left-hand scale) and water (on the right-hand scale) that can be transported in a gravity-
driven heat pipe. The behavior of a repository with a given heat load and rock
permeability can be interpreted in terms of its position on the graph.

We first examine the case where the system's parameters lie above and to the left of the
diagonal line. This is unlikely to occur if the Topopah Spring welded tuff has the
permeability of between 6x1011 and 10'° m2 recently reported by Thorstenson et al.
[1998], but it is still useful to consider what will happen in this case. Under these
circumstances, the heat entering the rock exceeds what can be removed by a gravity-
driven heat pipe. With such a large heat flux, the evaporation rate exceeds the amount
of gas that can be removed by buoyant flow.
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If reflux of condensate is the main source of water reaching the repository, the rate of
heat input to the rock exceeds the amount of heat that can be removed by the heat pipe.
Temperatures rise above boiling, and a dry-out zone develops in which heat is
primarily transferred by conduction. One plausible set of consequences is the
following. The partial pressure of dry air in the dry-out zone remains zero, and vapor
is driven away both upwards and downwards. Water condensing below the repository
is removed from the heat-pipe system and the heat flux carried by water vapor declines.
This creates a positive temperature feedback, leading to greater heating of the rock,
higher near-field temperatures, and a large dry-out zone.

Another possibility is that the dry-out zone grows to extend beyond the boiling
isotherm. In this case, the partial pressure of dry air in the dry-out zone is no longer
zero, and mountain-scale convective flow occurs. Water that evaporates near the
repository condenses primarily above it, and positive temperature feedback is unlikely.

Yet another situation occurs if the natural percolation rate exceeds the reflux rate. In
this case, the amount of heat removed by water evaporation can exceed the limit for a
gravity-driven heat pipe. Infiltration provides a continuing source of water, ruling out
the scenario of positive temperature feedback resulting from removal of water from the
system. The current best value of percolation, 7 mm/yr [Geomatrix, 1997], and the heat
removal rate that corresponds to it by (eq. D-8), 2 kW/acre, are shown on Figure D-2 as
a dotted line.

The welded-tuff permeabilities reported by Thorstenson et al. [19981 imply that the
combination of permeability and heat loading lies below and to the right of the diagonal
line. In this case, the system behaves quite differently. Dry air penetrates the
repository, mountain-scale convection exerts an upward force that exceeds the outward
pressure of boiling water, and vapor flows only upward.

From this point, there are several possibilities. In one alternative, which corresponds to
the assumptions made at the start of our discussion, the repository disk attains a
reasonably uniform, stable temperature dose to the boiling point but below it. Heat
transfer is predominantly convective and the rock remains moist throughout.

A second possibility is that the system is unstable. In this case, assumption (2) made at
the start of the analysis must be dropped, and hotter and cooler zones develop within
the repository. In the cooler zones, temperatures are substantially below the boiling
point, allowing the upward flow of dry air components. This relieves the pressure drop
across the repository disk and allows the hotter zones of the repository to heat up above
the boiling point without triggering a strong upward flow of water vapor. Whether the
repository system is subject to an instability of this nature can be determined
mathematically by inserting infinitesimal perturbations of arbitrary wavelength and
determining whether they grow or decline, but solving this problem requires difficult
calculations.
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A third possibility is that the water flux necessary to remove the heat load is less than
the ambient percolation rate shown as a dotted line in Figure D-2. In this case,
evaporation of water percolating from the surface is sufficient to remove the heat
generated by the repository. Temperatures remain below boiling. The behavior of
condensate becomes much less significant, since the condensate flux is less than the pre-
existing percolation flux.

The above analysis, while it rests on simplifying assumptions, should be very helpful in
extending the results of complex thermohydraulic models into regions that are
important for repository performance assessment, but difficult to model numerically.
Even for problems that can be modeled numerically, the simple analysis should be
helpful in interpreting results.

As an example of the use of this analysis to clarify modeling results, consider the
analysis presented by Wilder [1996] of "line-load" versus "point-load" repositories.
Wilder reports that much more dry-out occurs in a line-load repository with highly
concentrated heat sources than in a point-load repository where the heat source is more
diffuse. This may reflect the difference in buoyant gas flow, depending on whether
heating is spatially uniform. As discussed above, when cool zones are present within
the repository, they can act as "pressure relief" zones that reduce the flow of gas
through the hotter portions. This allows temperatures in an unevenly heated repository
to rise above the boiling point, at a heat load for which an evenly heated repository
would stay below.

Further light may be shed on the "point-load" versus "line-load" issue by Figure D-2.
The pressure-relief phenomenon is most noticeable for combinations of permeability
and thermal load dose to the diagonal line on this figure, when temperatures get very
close to boiling. If one moves to the right, in the direction of higher permeabilities, the
partial pressure of dry air in the hot zone remains larger, and the heat-pipe zone
constitutes much less of a flow blockage that can be relieved by colder areas. This
implies that temperature inhomogeneities will reduce flow through the hotter areas to a
lesser degree. If, as Thorstenson et al. [19981 report, the vertical permeability of the
Topopah Spring tuff is between 6x10'` and 1x1lO0 in2, the location of the repository
system on Figure D-2 will be far into the buoyancy-controlled zone. This would make it
more difficult for dry-out to overcome buoyant flow.
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