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REPORT SUMMARY

Demonstration of a Risk-Based Approach to
High-Level Waste Repository Evaluation: Phase 2

An EPRI probability-based methodology to assess the performance
of high-level nuclear waste repositories has been upgraded using
realistic, credible scientific and engineering inputs. In particular, this
methodology considers aqueous and gaseous pathways for release of
radionuclides as well as possible releases triggered by inadvertent
human intrusion and natural occurrences. Utilities and DOE can
apply this methodology to identify critical technical issues that require
further investigation.

BACKGROUND With cosponsorship from Edison Electric Institute (EEI/UWASTE),
EPRI revised and upgraded its high-level waste performance assessment method-
ology. This methodology is designed to encourage DOE to complete integrated
assessments characterizing Nevada’'s Yucca Mountain as a prospective site for the
nation’s high-level waste repository. The previous phase 1 report on this project
(EPR! report NP-7057) demonstrated the feasibility of a risk-based methodology
and illustrated potential insights from its application. :

OBJECTIVES

« To convert phase 1 results from a reasonable, illustrative model to a realistic,
credible phase 2 model.

« To include new scenarios in the model, including gaseous releases; time-
dependent changes in climate, infiltration, and repository temperature profile; and
human intrusion.

APPROACH The project team comprised experts in climatology, surface water
and groundwater hydrology, tectonics, volcanology, geochemistry, waste package
design, rock mechanics, human factors, and nuclear engineering. They developed
a probability-based logic tree framework for performance assessment and desig-
nated the inputs, models, and uncertainties using discrete distributions on specific
input assumptions. This approach considered scientific and engineering uncer-
tainty on the state of nature or on models and parameters used to represent future
occurrences.

RESULTS The calculational methodology integrates information over all possible
combinations of uncertain inputs and for each combination determines the quan-
tity of radioactive release for 13 radionuclides. The probability distribution of re-
leases reflects uncertainties in inputs designated by the expert in each respective
field.

The methodology’s calculational techniques have been applied to precipitation
and surface water flow, groundwater flow, gaseous release, liquid release from the
engineered barrier system, and human intrusion. The previous phase 1 model was
revised to represent climate conditions, earthquake and volcanic occurrences,
effect on the host rock, temperature changes, effects on the water table as a result
of earthquakes, and changes in hydrologics and engineered barrier systems.
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ABSTRACT

This project develops and applies a probability-based methodology to assess the performance of high-
level nuclear waste repositories. The particular method is an extension of the methodology
demonstrated previously under Phase 1 of this project. Under the current application, aqueous and
gaseous pathways for release of radionuclides are considered, as are possible releases induced by
inadvertent human intrusion and by volcanic occurrences. Individual experts in the relevant scientific
and engineering fields designate the inputs (and their uncertainties) for the analysis. These inputs are
aggregated using the logic tree format so that calculations of levels of release for thirteen radionuclides
can be made for all possible combinations of assumed input values. The probability distribution of

releases reflects the uncertainties in inputs designated by the expert in each field.

The methodology is applied to the proposed repository at Yucca Mountain, Nevada. The application
indicates that, for high levels of possible release, the largest quantities of nuclides will escape the
repository by aqueous pathways. Gaseous release of “C may occur but will be important relative to
releases by aqueous pathways only at lower levels of total release. Volcanic disturbances, earthquakes,
and inadvertent human intrusion do not lead to large releases. Sensitivity studies for aqueous
pathways indicate that critical factors affecting large releases are amount of groundwater infiltration,
solubilities of radioelements and dissolution rate of the waste matrix, lateral diversion of the
groundwater flow around the repository, characteristics of the engineered barrier system, and coupling

between fracture and matrix flow.

ifi
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EXECUTIVE SUMMARY

This project investigates possible releases of radionuclides that might occur from underground high-
level radioactive waste repositories. The methodology developed for this purpose is an extension of
that demonstrated previously under Phase 1 of this project. This methodology uses a probability-based
context to quantify possible releases. Here, aqueous and gaseous pathways for release are considered,
as are possible releases induced by inadvertent human intrusion and by volcanic occurrences.
Individual experts in the fields of climatology, surface- and ground-water hydrology, tectonics,
volcanology, geochemistry, waste package design, rock mechanics, human factors, nuclear physics,
and nuclear engineering designate the inputs (and their uncertainties) for the analysis. The specific
quantitative conclusions reached are a function of the input from these experts, and the overall process
of probability-based performance assessment is demonstrated by the application. The inputs from the
project consultants are aggregated using the logic tree format wherein discrete distributions on specific
input assumptions reflect scientific and engineering linccrtainty on the state of nature or on models
and parameters used to represent future occurrences. The calculational methodology integrates over
all possible combinations of uncertain inputs, and for each combination determines the quantity of
radioactive release for thirteen radionuclides. The probability distribution of releases reflects the

uncertainties in inputs designated by the expert in each field.

New calculational techniques have been advanced in several areas, from the Phase 1 study. A model
of surface water flow accounts for topography, soil cover, and plant growth, giving a more physical
approach to calculating net infiltration from precipitation. The groundwater flow model accounts for
multiple layers and for groundwater flux that changes in time, reflecting changes from current climate
conditions to pluvial conditions. The gaseous release model accounts for the release of C as carbon
dioxide, taking into account possible temperature profiles at the repository horizon caused by
emplacement of radioactive waste. The source term model accounts for unsaturated, saturated, and
wet-drip conditions, and accounts for the solubility limits of each radioelement and the dissolution rate
of the waste_matrix. Finally, a general model of human intrusion recognizes possible changes in
society, availability of knowledge about a repository site, and future value of resources, and this
general model is used to derive estimates of site intrusion from drilling and excavation. In addition,
previous models have been revised to represent climate conditions, earthquake and volcanic
occurrences, effects on the host rock of temperature changes, effects on the water table of earthquakes
and changes in hydrologic flux, and the engineered barrier system. All of these advances allow more

realistic and inclusive calculations to be made of possible releases of radioactivity from a repository.
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The methodology is applied to the proposed repository at Yucca Mountain, Nevada, using site-specific
input assumptions designated by the consultants in each field. The application indicates that, for high
levels of possible release, the largest quantities of nuclides will escape the repository by aqueous
pathways. Gaseous release of '*C may occur but will be important relative to releases of nuclides via
aqueous pathways only at lower levels of total release. Volcanic disturbances, earthquakes, and
inadvertent human intrusion do not lead to large releases. Sensitivity studies for aqueous pathways
indicate that critical factors affecting the levels of nuclide release are the amount of groundwater
infiltration, solubilities of radioelements and dissolution rate of the waste matrix, lateral diversion of
the groundwater flow around the repository, characteristics of the engineered barrier system, and
coupling between fracture and matrix flow. The possible initial pulses of release of radioelements
associated with initial contact with water are also important for some radionuclides. Factors that are
less important are the degree of matrix sorption, the velocity of flow in the saturated zone, repository
temperature as a function of emplaced waste (the heat pulse), and the presence or absence of borehole

fracturing.
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Section 1

INTRODUCTION

by

Robin K. McGuire

This report summarizes the work sponsored in 1991 by the Electric Power Research Institute (EPRI)
on evaluating the performance of high-level radioactive waste repositories. As in the previous
application, the first objective of this effort is to develop a method to make probability-based
assessments of the potential releases that might occur from a repository, and the second objective is
to apply the method to the proposed repository at Yucca Mountain, Nevada. A methodology
developed in the abstract matures through preliminary and subsequent applications, and it is that

maturation process that we seek through the specific application for the Yucca Mountain site.

The methodology we report here relies heavily on the previous study (1) conducted under EPRI
sponsorship, but extends that study in several important areas. First, the source term and thermal pulse
are treated in much more detailed fashion, considering both the solubilities of radioelements and the
dissolution of the waste material. Different possible temperature profiles that might occur in the
vicinity of emplaced waste are also treated explicitly. This treatment allows the choice of engineered
barrier system, and the estimates of possible conditions in boreholes, to be conditional on the
temperature profile. Second, gaseous pathways of release are considered for “C, which is the
predominant mode by which this nuclide is expected to travel to the accessible environment. Third,
a model of human intrusion is included, with preliminary estimates of drilling and excavation scenarios
and their probabilities. Fourth, the hydrologic transport model takes into account multiple layers of
unsaturated fiow and changes in flux as a function of time. Fifth, an explicit model of surface water
flow and infiltration has been developed and applied that accounts for topography, soils, and
vegetation. In addition to these major efforts, models of external events and the performance of the
engineered ba;m'er system have been revised and updated so that they include ad(iitional data and
information. All of this brings us to performance assessment results that, while still preliminary in
the sense that they are the products of single experts in each field, have the credibility associated with

review, evaluation and update of models from the previous study.
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Risk-based performance assessments of this type have three major purposes: (1) production of results
to compare to regulatory criteria expressed in probabilistic format, (2) evaluation on a common basis
of the relative importances of different data and technologies required to evaluate a site and to design
and build a repository, and (3) understanding of the real performance offered by a certain repository
site, and how that estimate of performance is affected by uncertainties in knowledge and data. The
last is perhaps the most important objective, for it allows informed decision-making based on the
safety of any particular site and based on how that perception of safety is likely to change with

additional information.

This report is organized by technical area. Sections 2 through 14 discuss the scientific and engineering
models that are used to create input for the performance assessment and to make calculations of
releases through aqueous and gaseous pathways, through volcanic occurrences, and through human
intrusion. Section 15 indicates how each of these pieces is organized into the framework for release
calculations, and Section 16 presents results of application of the methodology for the proposed

repository at Yucca Mountain. Conclusions from the study are stated in Section 17.

REFERENCES
1. R. K. McGuire (ed.). Demonstration of a Risk-Based Approach to High-Level Waste

Repository Evaluation, Palo Alto, Calif.: Electric Power Research Institute, 1990. NP-7057,
Research Project 3055-2.
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Section 2
A PROBABILISTIC CLIMATE AND RAINFALL MODEL
by

Austin Long

INTRODUCTION

The first step in estimating the future net infiltration of water into Yucca Mountain, or any other
watershed, is to assess the present-day climate and infiltration. Having established a quantitative and
robust relationship between climate and infiltration under present conditions, the next step is to predict
future climate conditions and how they will affect infiltration in the future. Each of these elements
of the problem has its set of uncertainties, and these uncertainties are especially acute in the case of
Yucca Mountain. The reasons for uncertainty in part relate to the features that make Yucca Mountain
an attractive repository. For example, two of the reasons for the lack of long-term climatic data at
the site are its dryness and the low population density in its vicinity. These factors are related; one
of the major reasons for the low population density is the site’s aridity. The site is relatively
undisturbed because it is barren of economic mineralization. Infiltration would be easier to measure
if boreholes or mine shafts were available for sampling and observation, but of course such

disturbances would affect the permeability characteristics.

Instrumental weather records are valuable in assessing climate not only because they reveal annual
averages, but also secular trends and variances in the averages. The longer the record, the better the
average, and the more well-known are the variances, trends and major, low probability events. The
nearest stations to Yucca Mountain began operation only in the 1950’s. Thus proxy climatic indicators

are necessary for defining past climates.

APPROACH_TO THE PROBLEM )

The lack of long-term direct measurements of meteorologic data collected at or close to Yucca
Mountain requires the use of proxy indicators of climate to extend the record into the past. These
paleoclimate indicators include geological deposits and paleobotanical remains. Groundwater itself

can also yield paleoclimatic information. Meaningful interpretations and projections of proxy climate
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data into the future must be carried out in the context of conceptual models of the meteorological
processes involved and the causes of climate change. The geological record reveals that on a global
scale the climate in the past was usually remarkably different from present climate. Moreover, clear
periodicities of global climate change, as well as nearby paleobotanical and paleohydrological evidence
suggest that Yucca Mountain was cooler and wetter at times in the past, and will experience these

conditions again.

The past gives only indirect clues to how the global and local climates will respond to higher levels
of greenhouse gases (CO,, CH,) in the atmosphere. Major DOE-sponsored efforts are directed toward
the use of general circulation models (GCM’s) that attempt to simulate the major global meteorologic
patterns for the present, for the full glacial maximum (18ka ago) and for the present with perturbation
by double the present atmospheric CO, content. The present study takes into account the outputs of

these models in estimating the impact of greenhouse gases on Yucca Mountain climates.

This study translates the estimates of future climates into a precipitation model that simulates
individual precipitation events in time, using well-known probability distributions for characterizing
rain. First it simulates modern precipitation, then the model parameters for modern precipitation are
adjusted to match best literature values for conditions during the full glacial maximum, about 18ka
ago. Possible climatic scenarios intermediate between modern and full glacial maximum are modeled

by further adjustment of model parameters.

PRESENT CLIMATE AT YUCCA MOUNTAIN

As applied here, "modern climate" means the climate that has existed for the last 10ka. Our
characterization of it must include both historical and geological records. Continuous, reliable
historical weather records for the Yucca Mountain vicinity extend only from the 1950°s ((1), Table
2-5-1). Yucca Mountain itself has been monitored only since the mid 1980°s (Alan Flint, personal
communication 1991). The historical record is therefore unlikely to have registered the larger
precipitation events with longer (greater than 50 years) recurrence intervals. Knowledge of these low
probability events is critical to estimating net infiltration. The Holocene (last 11ka) geological record
is a source of longer-term climate records. Two types of records are particularly.pertinent to the
question of precipitation variability during the present interglacial. One is episodic records -- those
that record flood events that leave fluvial deposits at elevations higher than normal river deposits.
These flood deposits can be dated and the intensity of the precipitation event estimated from the
positions of the deposits (2) A more lingering episode of unusually high rainfall may leave a recharge
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pulse in the groundwater, which can be radiocarbon dated. Radiocarbon dating of groundwater, though
not as accurate as dating most fossils, can indicate times of recharge, hence times of more effective
precipitation. The other type of paleoclimate evidence is continuous records, such as those left in lake
sediments. These sediments and their fossils and isotopic content may reveal past lake levels and/or

paleo salinities (3, 4).

Fluvial deposit studies by Baker and his colleagues at the University of Arizona verify that
meteorological observations limited to only a few decades have not detected the major flood events
that have occurred in the southwestern U.S. during the last thousand years. Their studies of flood
deposits disclose increased frequencies of flooding around AD 800-1000, AD 1400-1600, and in the
late 1800’s (Lisa Ely, personal communication, 1991). The wide-spread nature of these deposits
suggest regional rather than local climatic anomalies. Oviatt (5) interpreted fluctuating levels of lake

Sevier (Utah) during the Holocene as responses to changing precipitation from westerly air masses.

Radiocarbon dating and stable isotopic analysis of groundwater in the Yucca Mountain area (6
suggests that most of the recharge to the regional aquifer in the immediate vicinity of Yucca Mountain
occurred during the last glacial period, most likely by infiltration of melted snow (winter precipitation)
into Forty Mile Canyon. Their study indicates that some infiltration of winter precipitation did occur
during the postglacial, however, about 4000 years ago. Studies of groundwater in other arid and

semiarid areas suggest episodic recharge, for example in Kenya (7) and in central Australia (8).

Sediments deposited in Lake Mojave during the past 20ka (3, 9) show evidence for pluvial conditions
(higher water levels) until about 9 or 10ka ago, then interpluvial conditions (drier) to the present
(Figure 2-1). The past 10ka also show several distinct episodes of pluvial-type conditions. The
authors argue convincingly that these pluvial-type episodes (micropluvials) during the present
interglacial represent geologically brief times, perhaps up to 100 years if varves are annual (Yehouda
Enzel, personal communication 1991), during which the dominant meteorologic conditions shifted into
a glacial mode. These same conditions could have brdught brief pluvial intervals to the Yucca
Mountain vicinity. The present Yucca Mountain model considers that if current conditions are
projected into the future, the possibility exists that the climate will shift into a mode of pluvial
conditions a few times per millennium. Each micropluvial might last a few dccades.- This probability
is based on the percent of time during the past 10ka that Lake Mojave evidently experienced glacial

meteorological pattern.
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CHARACTERIZATION OF GLACIAL CLIMATE

The Pleistocene was characterized by regular recurrence of cold periods in the high latitudes of the
planet. Abundant geological and hydrological evidence supports the conclusion that glacial conditions
in northern latitudes of the northern hemisphere coincided with “pluvial” climate conditions in the
Great Basin of the U.S. (10, 11, 12, 13, 14). Very large lakes existed in Utah and Nevada then where
merely small remnants (Great Salt Lake, Utah; Pyramid and Walker lakes, Nevada) or none at all exist
today. Stable isotope measurements in “C-dated groundwater (6) and stable isotopes in groundwater-
deposited carbonates (15), both in the Yucca Mountain area, suggest pluvial conditions in the vicinity
during the last glacial maximum. The Winograd study further reveals several pluvial/interpluvial
cycles with similar (but not exactly corresponding) periodicities that the ocean sediments recorded
(Figure 2-2). Fossil spring deposits reveal groundwater discharged in southern Nevada at least during
the last pluvial period (16). Fossil plant remains support the Milankovitch-based climate model’s
result that the pluvial regime in southwestern North American deserts was characterized by stronger

westerlies and weakened monsoons (17).

Estimates of winter and summer temperature and precipitation at Yucca Mountain during the full
glacial maximum (FGM) Spaulding inferred from paleobotanical remains in the Yucca Mountain area
(18). His inferences are based on analysis of plant species that grew in the vicinity in the past, and
the known temperature and precipitation tolerances of these species. The source of plant macrofossils
was radiocarbon dated packrat middens. These values are within the range of independent estimates
based on hydrologic budgets of pluvial lakes in the vicinity. Spaulding’s conclusions in terms of full
glacial conditions compared to today’s conditions are summarized in Table 2-1.
Table 2-1

FULL GLACIAL (PLUVIAL) CONDITIONS RELATIVE TO TODAY’S CONDITIONS

Temperature
Winter At least 6 C cooler
- Summer 7 to 8 C cooler
Annual Average 6 to 7 C cooler
Precipitation
- Winter 60 to 70% wetter
Summer 40 to 50% drier
Annual Average 30 to 40% wetter
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PERIODICITIES OF GLACIAL/INTERGLACIAL (PLUVIAL/INTERPLUVIAL) EPISODES

Over the past 2 million years (Ma), the Pleistocene era, the Earth has experienced 17
glacial/interglacial cycles (19). These cycles consist of a 90ka duration glacial period of increasing
severity followed abruptly by an interglacial of about 10ka duration. The periodicities of these cycles
match periodicities in 1) the ellipticity of the Earth’s orbit around the Sun, 2) the degree of the Earth’s
tilt with respect to the Solar orbital plane, and 3) the precession of the Earth’s rotational axis (20, 2D).
These astronomical cycles do not change the total amount of insolation on the Earth, but do change
its latitudinal distribution in time. Maximum insolation on the Northern Hemisphere occurs as glaciers
begin to recede. These well-known periodicities, known as Milankovitch cycles, are considered to be
triggers of the major climate changes during the Pleistocene. Smith (22) demonstrated that the long-
term periodicities of lake levels in the Great Basin also registered pluvial/interpluvial conditions in
coincidence with glacial/interglacial conditions in the north. Barring some major disturbance in the
climate control system, the same glacial/interglacial pattern will continue into the future. As the
present interglacial has lasted about 11,000 years, the onset of the next glaciation (pluvial in the Great

Basin) may be considered overdue (19).

Evidence and timing for the most recent cycles derives from faunal and stable isotopic measurements
in deep sea cores and stable isotopic measurements in Greenland and Antarctic ice (23). Stable
isotopes in radiometrically dated groundwater (24) and in vein-filling calcite (15) (Figure 2-2) lend

supporting evidence.

CHARACTERIZATION OF GREENHOUSE CLIMATE

The impact of atmospheric greenhouse gases on the future climate of Yucca Mountain is uncertain and
problematic. Neither present, instrumentally measured, climatic trends, nor global circulation models
(GCM’s), are convincing or even in agreement about how CO, and other anthropogenic gases have
affected or will affect climate, and if so, how they will affect climate. It is also conjectural whether
the natural climatic oscillations will override the greenhouse effect, or the reverse will occur.
Nevenhelcss,- for the purposes of this risk analysis, we need to consider the possibility of a greenhouse
effect on the future climate of Yucca Mountain. Again, a probabilistic approach is necessary.

The most recent precedent for atmospheric CO, levels at least twice pre-industrial levels occurred
during the Eocene, about 30 million years ago (2. Topography and weather patterns have
significantly changed since the Eocene. The Sierras were lower, consequently winter storm tracks

were different from now. Because the projected atmospheric levels of greenhouse gases are
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unprecedented in the Pleistocene, historic and geologic records cannot provide clear clues to
greenhouse effects during interglacial times. We must rely on GCM’s to suggest how greenhouse
gases will affect Yucca Mountain. The models generally agree that the Earth will retain more heat
with atmospheric CO, doubling, but disagree on how the heat will be distributed (26). Oceans are a
likely sink for excess heat. Emanuel (27) has pointed out that the warmer greenhouse oceans may
induce the generation of 40 to 50% more hurricanes in the Pacific off the California coast. Such deep
low pressure cells migrating inland are a source of intense rain events in the southwestern U.S. now
(28). Thus a possible consequence of greenhouse warming is up to 50% more rain on Yucca
mountain. Additional rain from deep low pressure cells will likely be intense, tend to linger for
several days and produce flooding. Carbon cycle models predict that atmospheric CO, could reach
475 ppm (compared to a pre-industrial level of 275 ppm, and today’s level of 350 ppm) by the year
2035 (29). At that rate, doubling could occur within the next 100 years, though estimates of future

CO, emissions as well as other sources and sinks of CO, have considerable uncertainty (30).

Another common element of carbon cycle models is their prediction that in a few hundred years the
fossil fuels will be depleted, and in a thousand or so years natural processes will have returned the
excess gases to pre-industrial levels. These natural processes include ocean circulation and carbonate
deposition. Because of the compound uncertainties, it is difficult to defend estimates of the amounts
or the probability that greenhouse gases will enhance rainfall on Yucca Mountain. Nevertheless,
consideration is necessary, as GCM’s will certainly improve and more certain assessments will

ultimately become available. In this analysis we assume a rainfall enhancement, elaborated below.

THE PRECIPITATION MODEL

Based on past climatic oscillations and their regularity, and the acceptance that we understand the
astronomical triggering mechanism for past climate change, we assume that these climatic oscillations
will continue into the future with the same regularity. Thus, the past is the key to the future. We
further assume that in the future Yucca Mountain will experience climate conditions similar to those
it experienced during the Pleistocene. The best estimates, and virtually the only quantitative estimates
of past climates for both winter and summer seasons in the Yucca Mountain vicinity come from
Spaulding (18). (See Table 2-1.)

We cannot predict exactly when the climate will next return to glacial (pluvial) conditions. Past
climatic oscillations tell us that interglacial periods, such as the one we have experienced for the last

10ka, have in the past lasted for about 10 to 12ka. The record also shows that although the changes
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‘from glacial climate to interglacial climate have been relatively abrupt, changes from interglacial to
glacial have been more gradual. An extrapolation of the past into the future would thus suggest that
the onset of the next glacial period might occur within the next 1000 years, but it could take as much
as 100ka to reach its fullest extent. Although past glacial periods exhibited regularity on the long term
(100ka), the shorter-term climate changes superimposed on the longer-term ones prevent the past
glacial periods from being exact replicas of one another. Therefore, any predictions of future

conditions are necessarily probabilistic.

Even more problematic and fraught with unknowns is the impact of atmospheric greenhouse gases on
the future climate of Yucca Mountain. Neither present, instrumentally measured, climatic trends, nor
global circulation models, are convincing or even in agreement about how CO, and other
anthropogenic gases have affected or will affect climate, and if so, how they will affect climate. (For
a summary of the various GCM outputs for CO, doubling, see Grotch, (26)). It is also conjectural
whether the natural climatic oscillations will override the greenhouse effect during its millennium or

so of predicted effectiveness, or the reverse will occur. Again, a probabilistic approach is necessary.

The precipitation model simulates individual precipitation events in time. The model assumes that the
duration of the precipitation events are exponentially distributed, and that the intensity of each event
is constant throughout its duration. The model further assumes that the intensities of all the events
are exponentially distributed. These assumptions are consistent with those in the precipitation model
of Cowpertwait (31). The distribution of rain events in time is generally considered to be Poisson
distributed (31, 32), (Entekhabi, personal communication, 1991). Thus the time between individual
events will be exponentially distributed, and the time until the n*" event will have a gamma distribution
(M. Scott, personal communication, 1991). Figure 2-3 is a representation of what the model does.
Rectangular blocks represent precipitation events. Time proceeds to the right on the horizontal axis,

and precipitation intensity is the vertical axis.

The model rur;s on the spreadsheet Lotus 1-2-3, version 2.2. The software program @RISK, an "add-
in" to Lotus, performs the simulations. The model calculates time by summing the time interval
between events and the duration of each event. It registers the total precipitation and the annual
precipitation after each simulation trial. In addition, the model sums the precipitation évcnts that pass
a series of criteria for potential infiltration. For example, events that follow a previous precipitation
event by a short time interval may be eligible for infiltration. Similarly, events that themselves exceed

a minimum duration may be eligible. Note that as a consequence of this feature of the model, spacing
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PRECIPITATION EVENT MODEL ILLUSTRATION

Intensity H , l
(mm/hr) .

Time, Hours

Figure 2-3. Schematic representation of the rectangular block precipitation model.

of events as well as depth of events contributes to eligibility of precipitation for infiltration.
Therefore, for example, as winter precipitation increases with time into the future, the proportion
(percent) of precipitation that is eligible for infiltration increases. Temperature will have a further

influence on the percent of precipitation eligible for infiltration.

Simulations select values of precipitation duration, intensity and lengths of intervals according to the
designated distributions using Latin Hypercube selection protocol. Though it is possible to step
through the simulations one-by-one, most outputs are in the form of histograms or as seasonal and
annual totals. For model simplification, years are divided into two seasons, winter (November through

April) and summer (May through October).

The model has maximum built-in flexibility. Model parameters are selected to emulate as much as
possible actual current conditions, then modified for the expected future climatic scenarios. Variable

model parameters are:

. Average rate of winter and summer precipitation (mm/hr),
. Average time between precipitation events in winter and summer, and
. Average duration of winter and summer precipitation events.

The criteria for including an event in the summation of those eligible for infiltration (winter and

summer criteria are specified separately):

-



. Minimum (preset) duration of current event,

. Maximum (preset) duration of previous interval, and
. Minimum (preset) duration of current event if preceded by interval of up to a preset
duration.

This model allows for the fact that summer and winter precipitation events are, in general, controlled
by different meteorological conditions, and consequently have different distributions. In addition, the
relative contribution of winter-type and summer-type storms changed as climate changed from glacial
to interglacial, and will likely change in the future. Adjustable model parameters accommodate these
differences. Some evidence suggests that more than a single meteorologic configuration may produce
storm events within a season. As a consequence, a single distibution function may not properly
describe a summer or a winter. It is likely that major events (such as 100-yr, 500-yr storms) may not

fit within same structure as the normal events.

It would not be difficult to modify the present structure to accommodate multiple distributions. One
difficulty lies in obtaining the needed recurrence interval data on such long-term events. Even more

vexing is the problem of assigning past events to specific meteorologic configurations.

ADJUSTMENTS OF MODEL PARAMETERS

The values for average rate of precipitation are within the range found in meteorologic records.
Summer storms are generally more vigorous'than winter storms. It is not clear that climate change
should affect the average rates, thus this parameter was not varied with climate. The durations also
reflect observations in Tucson (which receives winter and summer precipitation from the same storm
track patterns as Yucca Mountain) and values in the literature. Duration may be a function of climate,
but was not varied much, so that the duration, in combination with the interval between events,
resulted in about the correct number of storms per year. That number for today’s model precipitation
is approximately 28. This number is between that of French (33), 40 days with precipitation, and that

of Flint (Personal communication, 1991), about 17 precipitation events per year.

The relative amount of precipitation “today”, winter vs. summer, comes from DOE/RW-0199 (1988),
which shows data for seven nearby stations for the last 20 1o 50 years. The differences in seasonal
precipitation between today and FGM are from Spaulding (18). It should be noted that the

paleobotany agrees with the GCM/CCM (general circulation model with imbedded community climate




model) for the Great Basin 18ka ago (17). The 10% and 50% FGM columns are adjusted to give
precipitation 10% and 50% of the way between today and 100% FGM.

The Greenhouse scenario relies on results from GCM’s. Grotch (26) summarizes the model
greenhouse (double CO,) temperature and precipitation scenarios for all major GCM’s. The
differences in predictions are significant. Also the grid sizes are too large to be meaningful on a local,
repository-size, scale. Especially perturbing is the models’ ignorance of important topographic effects,
such as the Sierras (Yucca Mountain is in the Sierra’s rain shadow). Nevertheless, the models show
somme general concordance. They mostly agree that CO, doubling will induce a little more rain in all
scasons at this latitude. It seems likely that the summer monsoons will be more vigorous. It is also
possible that with greenhouse wérming Yucca Mountain will get more low pressure cells from
degraded hurricanes. So the present precipitation model assumes increased precipitation in both

seasons for a greenhouse scenario.

ESTIMATES OF NET INFILTRATION

Although this topic is treated from first principles in the next chapter, it was considered of interest,
only for comparison, to estimate the increase in net infiltration as an add-on to the precipitation event
model. The percent infiltration values (next to the last row in the first and second columns of the

model) was adjusted until "today’s" infiltration read 0.5 mm/yr. The other columns (climate scenarios)

were given the same percentages.

RESULTS OF MODEL RUN
Table 2-2 presents the results of 10,000 iterations, and Figures 2-4 through 2-7 illustrate rainfall

amount distributions for selected climate scenarios derived from the model parameters in Table 2-2.
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Table 2-2

PRECIPITATION MODEL OUTPUT*

OUTPUT TODAY-S TODAY-W GH-S GH-W FGM-S RGM-W
Avg precip rate 2 1.6 2 1.6 2 16
{mm/r)

Avg dunation 22 3.6 22 3.6 22 38
(hr)

Avg interval 380 252 330 240 460 184
(hr)

No. of seasons 874 584 159 556 1055 429
(years)

Precipitation 49.56 99.98 58.14 103.34 37.52 142.64
{mm/year)

Infiltration 0.06 0.42 0.08 0.43 0.04 0.63
(mm/year)

*(S = summer; W = winter; GH = greenhouse; FGM = full glacial maximum)

PROBABILITIES OF THE VARIOUS CLIMATE SCENARIOS IN THE FUTURE
This section explains the probabilities listed in Table 2-3, below. Based on the sediments in Lake
Mojave (3) (Figure 2-1) the estimated percent of time Yucca Mountain experienced micropluvials was

about 400 years out of the past 8000, or 5% of the time. Therefore the number in cell 3 is 0.05.

A consensus of climatologists suggests that greenhouse warming will occur. They disagree on whether
it has already begun, and on its most likely climatic impact. A generous estimate of skeptics would
be 10%. Thus we place 0.1 in cell 1. This leaves 0.85 for cell 2. In about 1000 years the fossil fuel
will have been depleted, and the oceans will have taken up most of the excess CO,. To accommodate
a sluggish recovery from the greenhouse effects, 0.02 is placed in cell 5. Micropluvials are short-
lived - up to 100-year duration - pluvial climate modes. In effect, micropluvials can be represented
as 5% FGM, without the global cooling. Within 10ka after the end of the previous interglacial,
according to isotopic evidence from polar ice and from ocean cores, the Earth had retuned to about
50% FGM. It thus seems most likely that the period between 1000 and 10ka from now will have an
increasing chance of FGM as time proceeds. This increasing chance is expressed as probabilities for

the whole time span. A small but finite probability exists that this time span will experience FGM.
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Figure 2-4. Distribution of model summer precipitation event depths, today’s
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Figure 2-5. Distribution of model winter precipitation event depths, today’s climate.
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Figure 2-6. Distribution of model summer precipitation event depths, full glacial
maximum.
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Figure 2-7. Distribution of model winter precipitation event depths, full glacial
maximum.
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If past rate of return to glacial (pluvial) times is a guide, the probability of FGM is taken as less than
10%. Here it is estimated it as 4%. Current conditions may resume for a while before shifting into
the next pluvial. If this persists for 1000 years, then cell 4 becomes 0.1. The 50% FGM could exist
for the last almost 3000 years of this 9000-yr interval (Figure 2-2), say 30%. Thus the number 0.3
is placed in cell 8. Consider micropluvials (5% FGM) to be a 1000-yr transition from current
conditions to 10% FGM,; thus the probability in cell 6 becomes 0.1. This leaves 0.45 for 10% FGM
(cell 7). These are the values input to the Infiltration Node (Chapter 2).

DISCUSSION AND FUTURE IMPROVEMENTS

Presented here is a precipitation event model that approximates the natural system, yet runs easily on
a personal computer. It employs statistical distributions of rainfall duration, intensity and timing that
have been shown to match real data in other studies. The model parameters are easily adjusted to give
the desired seasonal and annual precipitation. The timing and amounts of precipitation events with
respect to each other, and to temperature are critical in estimating net infiltration, especially in arid

and semiarid climates where potential evaporation greatly exceeds precipitation.

The present model lacks the sophistication of more advanced rainfall simulation models that emulate
storm processes that account for clustering of rain cells in a frontal or convective storm system (32).
The present model also does not accommodate classes of storms by weather type (34). Finally, it is
likely that the extremely rare events, recorded only in the geologic record, involved storm types that
do not fall within the distributions used.here. Future models should accommodate these deficiencies

as much as is practical given the lack of direct and proxy data available for Yucca Mountain.



Table 2-3

PROBABILITIES OF VARIOUS CLIMATIC CONDITIONS IN FUTURE*

CLIMATE 0 - 1000 yrs 1000 - 10,000 yrs
Current (1) 0.1 4) 0.1
Greenhouse (2) 0.85 G) 002
Micropluvial (5% FGM) (3 005 6) 0.1
10% FGM T 045
50% FGM 8 03
100% FGM ) 003

1.0 1.0

*Numbers in parentheses are cell numbers discussed in text.
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Section 3
NET INFILTRATION: MODEL AND CALCULATIONS
by

Stuart W. Childs

INTRODUCTION

Performance assessment of potential high-level waste repository sites involves characterization of a
number of site specific processes. As part of a larger demonstration project on repository site
evaluation methodology (1), net infiltration was estimated using a probabilistic approach based on a
climatological analysis, assessment of surface hydrology, and numerical simulation of the infiltration
process. This Section describes calculation procedures used to assess likely effects of changing
climate on the surface factors affecting net infiltration: plant community dynamics, spatial variability

of soil properties, runoff-infiltration relations, evapotranspiration, and patterns of local climate.

Background
This present work was initiated after initial work by a multidisciplinary team showed that repository

performance was sensitive to net infiltration.estimates (1). That effort used the U.S. Department of
Energy proposed repository site at Yucca Mountain, Nevada as an example for calculations. The site
and the surrounding area has been studied extensively and excellent work has been done to develop
a conceptual model of the unsaturated water flow environment (2, 3). In addition, field studies of
unsaturated zone processes have been thorough (4, 5, 6, 7). A combination of these two approaches
would be of benefit for better determining the likely range in net infiltration so that repository

performance can be more accurately assessed.

A number of methods have been used to estimate net infiltration at Yucca Mountain and elsewhere.
The simplest method involves assuming that a fraction of average annual precipitation becomes net
infilration (8). This approach ignores a number of details but is a useful method, especially when
compared with other methods using observations that, by their nature, integrate over space, time, or
both. Examples of such observations include use of spring flow data, geological observations,

radiocarbon dating, paleobotany, and regional hydrologic analyses (see Chapter 2 of reference 1 for
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a detailed summary of this approach). Such observations clearly demonstrate that net infiltration
occurs and has varied in magnitude with time. More sophisticated analyses of climate have
incorporated storm temporal distribution, intensity; and magnitude (1) or have made detailed

correlations with biogeographical data (9, 10).

There have been a number of net infiltration estimates made for the Southern Nevada region. These
include a variety of techniques (see 6 for a review) such as the use of chlorine tracers (11), field
measurements (6, 7), tritium tracers (12), a variety of theoretically based approaches (2, 3), and
aha]ysis of climate data (1, 8). Although there is investigation currently underway (4), at present there
are no detailed measurements or calculations that use a soil/plant/climate water balance approach.
Field measurements have been made in support of such activities (4, 6, 12) but the combination of a

physically-based model with long term climate evaluations has not yet been completed.

Obiectives and Approach

The objectives of this project were to:
1. Develop a defensible and realistic conceptual model for calculating infiltration.

2. Implement a version of the model that addresses climatic variability, spatial variability,

first priority physical/biological processes, and uncertainty.

Development of the conceptual model and prioritization of key factors were prim‘ary objectives. In
order to accomplish these, a reasonable calculation output for the proposed Yucca Mountain repository
site was required. This element of realism focused model development and provided a basis for

evaluation of model assumptions as they were developed and tested.

Calculations of net infiltration can be accomplished based on models covering a wide range of
complexity. For our purposes, it was important to incorporate a large array of factors in the
conceptual model. Within this detailed framework, a calculating procedure was developed. The
procedure emphasized factors considered to be of primary importance and de-emphasized the
remaining ones for this phase of investigations. In addition, the model incorporated probability
estimates of the factors and parameters specified. This was done to facilitate evaluation of model

results in terms of risk analysis.



Net infiltration estimates were made for two time periods: 0 to 1,000 years and 1,000 to 10,000 years.
These time periods were selected following an analysis of likely climatic occurrences based on review
of past history and results of global climate modeling (see Section 2 of this report for details of this
evaluation). Calculations incorporated uncertainty in several ways. The probability of various climate
scenarios was directly incorporated. In addition, model calculations of water flow in soil were made
for a 134 year period of variable climate conditions. This allowed consideration of compensating
factors affecting year to year changes in soil/site properties. It also provided explicit assessment of

likely variability in annual net infiltration.

The following sections outline the conceptual model used for this project. In addition, assumptions
and calculation procedures are described. The basic components of the net infiltration modeling

process used are:

L. Physical and biological processes affecting soil water flow. A numerical model of water flow
was used to simulate unsaturated zone water flow through the soil profile, plant canopy water

uptake, surface water runoff, plant canopy growth dynamics, and daily climate conditions.

2. Variability of climate. Climate effects on net infiltration were addressed by identifying likely
climates for the next 10,000 years. These were characterized by annual precipitation, amount
of annual precipitation falling between November 1 and April 30, and average annual air

temperature. Details of climate modeling are in Section 2 of this report.
3. Spatial variability of net infiltration. This issue was addressed by identifying soil/hydrologic

land units in the study area and developing a procedure for a real integration of net infiltration

fluxes. The study area was the proposed repository location at Yucca Mountain (Figure 3-1).
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PHYSICAL AND BIOLOGICAL PROCESSES AFFECTING NET INFILTRATION

The basis of the net infiltration conceptual model used here is a soil water budget including detailed
treatment of climate. This process-oriented approach was selected because it addresses the factors
known to be important. Implementation of the model required explicit treatment of spatial variability
and climate variations. These are discussed below. The other factors treated were incorporated in a
numerical model of soil water flow. The model, input data requirements, and calculation protocol are

described below.

Soil Water Flow Model

A soil water flow model incorporating surface hydrology, soil water flow, drainage, and
evapotranspiration was used for calculations. The one dimensional model of Childs and others was
selected (13). This code is based on the Richards equation, the governing law for water flow in the
unsaturated zone, and is appropriate for isothermal water flow through the soil matrix. Selection of
this calculation approach forced a simplified treatment of the flow processes known to occur. Use of
one dimensional calculations was considered appropriate because the treatment of spatial variability
(see Section 3.4 of this paper) reduced the need to address lateral flow here. Spatial averaging of soil
hydraulic properties and soil depth was incorporated to lessen the need to specifically address
macropore or crack flow. These phenomena are known to contribute to the overall heterogeneity of
the Yucca Mountain area and are particularly important below the surface few meters (14).
Calculations presented here do not include thermally driven flow. Although water vapor transport is
important in unsaturated zone crack flow and in near-surface soil water redistribution, it was judged
to have only small impacts on profile drainage calculations made at soil depths between 0.35 and 3

meters depth.

The relationship between climate and net infiltration is indirect but of primary importance for model
predictions. The soil water budget model incorporates much of the process level detail that affects
precipitation when it reaches the soil/vegetation surface. Runoff, plant transpiration, direct
evaporation, and infiltration into the soil profile are all treated. Calculations are made for time periods
shorter than 24 hours in order to incorporate mathematical treatment of diurnal phenomena known to

be of importance.

Impdnam concepts of the soil water budget modeling procedure are summarized in Table 3-1 and
additional details can be found in Childs and others (13). Background climate data requirements were

high because treatment of long term and short term variability was judged to be very important. Long
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Table 3-1

COMPONENTS OF NET INFILTRATION CONCEPTUAL MODEL

COMPONENT FACTORS SCALES REQUIRED IMPLEMENTATION
BACKGROUND
Climate Precipitation, Energy Budget Daily Precipitation event descriptions (Duration,

-~

Soil Properties

Vegetation

Matrix and macro pore hydraulic properties,

Composition, leaf area and cover.
Phenology.

Rooting depth, water uptake patiern.
Response 1o climate change.

Arbitrary, but smaller

Repotitory scale

Soil profile scale
Annual

intensity, timc between events). Use
femperature as a surrogate for the energy
budget.

3 units soilhydrologic with average
hydravlic properties, depth, suriace
conditions.

Shrub and grass/forb caregories defined.
Annual changes based on soil storage
in September.

WATER BUDGET

Precipilation

Evapotranspiretion

Infiltration/Runoff

Soil Water Storage

Drainage

Storm pattern, winter vs. summer
conditions.

Direct surface evaporation,
plant water uptake from depth

Topography, vegetative cover, soil properties
Cracks and macropores, soil depth, hydraulic

Drainage equals NET INFILTRATION
when averaged over a period of interest

Daily

Diurnal

Precipitation event

Diurnal flow calculations

Daily with sanual averaging

Event description for 134 years used
in simulations of 5 climate scenarios.

Average annual air temperature for 134
years for each climate scenario.

Average monthly extremes fit to current
recorded patierns, daily values vary
randomly. Solar radiation model and ET
equalion, % cover used fo separate
evaporation and plant uptake.

3 soil/hydrologic units with individual
characteristics.

Average properties for 3 soil conditions.
Numerical and solution to unsaturated
flow equation, depth dependent sinks for
root water extraction.

Sink term below the matrix flow zero-flux
plane and maximum rooting depth.
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term changes in climate were estimated and short term variations were incorporated by using
precipitation event strings rather than annual averages. This approach incorporated large magnitude
precipitation events that strongly influence the magnitude of net infiltration. Soil and vegetation
properties of the site were annually averaged but process details were retained so that time and depth
effects could be modeled. The water flow model used a time step shorter than one day so that diumnal

soil water flow and evapotranspiration dynamics could be incorporated.

Net infiltration was calculated as the drainage term of the soil water balance. For each soil/hydrologic
unit modeled, the drainage term was calculated at a depth below the root zone assumed for shrubs and
grass. On occasions when daily rainfall exceeded soil profile storage, a fraction of the excess was

assumed to runoff. The remainder was added to drainage.

Water flow modeling was performed for 134 realizations of annual conditions for each climate regime
evaluated. This approach was adopted because the sequence of yearly climatic conditions affects net
infiltration. For instance, several wet years (or wet winters) in a row are more likely to result in net
infiltration than a series of alternating wet and dry years. This occurs because dry years deplete soil
water storage, and wet years must fill the soil water storage reservoir before deeper percolation occurs.

VARIABILITY OF CLIMATE

Variability in climate is a primary factor determining the amount and distribution of net infiltration.
For the purposes of this model, variability was:-evaluated in three stages to account for the important
issues affecting net infiltration (see Section 2 of this report for more detail). First, likely climate
scenarios were developed for the next 10,000 years. Next, these scenarios were quantified using
available data on the local area, current climate, past climate, and principles of climate/storm event
modeling. A model for each scenario was used to generate daily input data for the soil water flow
model. The climate scenarios selected for analysis are summarized in Table 3-2. The annual
characterizations shown in the table are, in fact, outcomes of the event based model used to assemble
synthetic climate records for modeling. The averages for precipitation were calculated using strings

of events developed in the following way:

I. Distributions of average storm intensity, average duration of event, and average time
between successive events were assumed to be exponential. Also, different distributions

were assumed for summer and winter conditons.
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2. The six distributions for each of five climate scenarios were used to generate lists of

2000 events for summer and winter conditions.

This was accomplished using a

sampling software package (@RISK, Palisades Corp, Newfield, New York).

3. For each climate scenario, events were grouped into years based on the running sum

of storm and between-storm durations. The shortest event string covered 134 years;

this length of record was used for all climate scenarios.

Table 3-2

GENERAL CHARACTERIZATION AND PROBABILITIES FOR
SIX PRESENT AND FUTURE CLIMATE TYPES

Anpual Precipitation Average Occurrence Probability
% Falling Annusl

Climate November - Air 1- 1,000 -
Scenario mm April Temperature 1,000 years 10,000 years
Current Conditions 1498 67 ' 16 0.10 0.10
Greenhouse Climate 162.2 65 19 0.85 0.02
Micropluvial’ 0.05 0.10
10% Full Giacia]

Maximum 153.2 69 15 e 0.45
50% Full Glacial

Maximum 166.1 73 13 - 0.30
100% Full Glacial

Maximum (FGM) 181.2 79 9 e 0.03

“This climate is considered to have of the same characteristics as 100% FGM but lasting

only 30 to 50 ycars.

Air temperature inputs were also required for the water flow model. These were developed based on

the annual values (Table 3-2) and converted to monthly values using the shape of the annual variation

in monthly average temperature data provided by French for the region (15). Daily values were

estimated using a random number generator to assign departures of up to 3 C from the monthly mean.

The same random number was used to assign a value of percentage clear sky for use in the solar

radiation model.



SPATIAL VARIABILITY OF NET INFILTRATION

Soil, geologic, and topographic factors affect the distribution of net infiltration at Yucca Mountain.
The factors of most importance are sQil depth, soil structure, bedrock properties, slope, and rainfall
distribution. Maps of topography and geology are available for the area (16) but information about
soil properties and distribution is less well documented. Some detailed studies have been performed

but no detailed soil map is available (4, 5).

French and Flint have provided some information about variation in rainfall patterns including
distribution of annual total precipitation from east to west and as a function of elevation (13, 17).
Trends of increasing rainfall with elevation and decreasing rainfall from west to east have been noted
for the Nevada Test Site as a whole. For the smaller study area of Yucca Mountain, these trends are
not likely to be distinctive. For the purposes of this study, rainfall was assumed to be equal for all

locations within the conceptual repository boundary.

Spatial variation of physical factors affecting net infiltration was addressed by mapping the project
area using available information rather than employing more sophisticated terrain analysis methods
(18). This was done using the USGS topographic map as a base and overlaying soils information,

geologic information and inferences based on one visit to the site. The following soil/hydrologic units

were mapped:

1. SHALLOW: Soils with bedrock within 0.35 m of the surface. These soils are typified
by the shallow, flat lying soils along the ridgetop of Yucca Mountain. Soils range from
0 to 0.5 m depth and overlie fractured bedrock. Textures are loamy and soils are
rocky, especially near the bedrock contact. These were delineated on the basis of slope
and geology. Some steeply sloping areas of shallow soils (or exposed bedrock) were

also included in this unit.

2. SLOPES: Moderately deep soils on sideslopes. This unit covers most of the proposed
repository. Soils are 0.5 to 2 m deep and occur on a wide range of slopes. These areas
are fairly well vegetated but are susceptible to storm runoff and erosion. Soils are
loamy at the surface but generally exhibit a caliche layer at 0.2 to 0.5 meters depth.

This zone has finer soil texture and is less permeable.
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3. BASINS: Deep soils in areas of hydrologic accumulation. These soils tend to be
somewhat finer textured and occur in small basins at the lower elevations of the study
area. They are mapped as alluvium on the gealogy map and could also be delineated
by slope. These are commonly regarded as primary areas for net infiltration and

groundwater recharge in desert environments (19).

The distribution of the three soil/hydrologic units is shown in Figure 3-1. Areas mapped and physical
properties estimated for each are shown in Table 3-3. Each soil unit was assumed to have a sandy
Joam texture with 20 percent rock fragments (30 percent for the shallow soil). The fraction of
precipitation that exceeded soil storage for a given storm event was assumed to be runoff, to remain
in the soil temporarily or to drain below the root zone. In addition, increased runon was assumed for
the basin unit. The increase was based on standard Soil Conservation Service runoff curve
methodology (20), and measured values of desert conditions in Israel (21). For the basin soil unit,
daily rainfall events greater than 2 mm were assumed to provide runon equal to the total storm
precipitation amount minus 2 mm. For the other soil units, runon and runoff were assumed to
combine for zero net increase in water supply over the precipitation amount. No mass balance of
precipitation was attempted because it was assumed that runoff events in washes would move water

beyond the study site boundary.’
Table 3-3

PROPERTIES OF SOIL/HYDROLOGIC UNITS

Soil/Hydrologic Unit
Properties Shallow Slopes Basins
Perceniage of
Acreage Identified 17.5 70 12.5
Average Soil
Depth, mm 0.35 15 3
Fraction of
Water above Soil
Storage Capactiy
that is runoff 0.7 0.5 0.5
Fraction of water
above Soil Storage
Capacity that is
net infiltration 0.02 0.02

3-10



MODEL CALCULATIONS AND RESULTS V

Model calculations were made for 5 climate scenarios and 3 soil/hydrologic units. For each of these
15 combinations, a 134 year numerical simulation was run. Annual net infiltration for each year was
calculated. Table 3-4 gives means and standard deviations for the calculations. These values
incorporate effects of year to year variability, storm patterns, sequences of wet and dry years, and
other variations expected in climate patterns. In fact, annual average precipitation had a coefficient
of variation (standard deviation divided by the mean) of approximately 33% for each climate scenario.
This variation was similar to the variation in net infiltration for the slopes soil/hydrologic unit. The
variations for the shallow and basin units were much larger. The model calculated more widely-
varying net infiltration because factors other than annual precipitation were incorporated in net

infiltration calculations.

The relationship among net infiltration magnitudes for the three soil/hydrologic units showed
interesting trends (Table 3-4). Average net infiltration is greater for the shallow soil unit than for the
basin. This is different from conventional wisdom (e.g., 19) because basin locations are commonly
considered to be the major locations for infiltration. In the case of a very shallow soil in an
environment with small storms, the relatively small depth to bedrock allows percolation below the root
zone. When basin sites accumulate runoff, they cause rather large infiltration events. This can be
seen in Figure 3-2. Although average net infiltration is higher for the shallow unit, the largest annual
infiltration values occur at the basin sites during wet years. That is, basin net infiltration is largest

in wet years but net infiltration from shallow areas is largest in dryer years.

Figure 3-2 also serves to demonstrate the trends between net infiltration and annual precipitation. For
each soil/hydrologic unit, there is a linear trend with scatter. The slope unit is lowest and least

variable while the other two units have larger increases in net infiltration as precipitation increases.

INTEGRATION OF MODEL RESULTS
Soil/Hydrologic Units

Model results for the three soil/hydrologic units were combined to yield net infiltration estimates for

the entire repository area. Although a number of procedures could be used, we chose to use a simple




Table 3-4

AVERAGE NET INFILTRATION FOR 3 SOIL/HYDROLOGIC UNITS AND
FIVE CLIMATE SCENARIOS!

Mean Annual SHALLOW SLOPES BASIN
Climate Rainfall, mm Mean (Sud. Dev.) Mean (Sd. Dev.)  Mean (Std. Dev.)
Current 1503 1.9(1.3) 0.6(0.2) 1.6(1.4)
Greenhouse 161.7 2.1(1.2) 0.6(0.2) 1.9(1.4)
. -10% FGM? 152.7 3.0(2.0) 0.6(0.2) 2.3(2.0
50% FGM 166.9 4.7(2.7) 0.6(0.2) 3.2(2.6)
100% FGM 180.7 7.2(4.4) 0.7(0.2) 5.0(4.0)

'Values shown are based on 134 year model simulations.
?Full Glacial Maximum
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Figure 3-2. Relationship of Annual Precipitation to Net Infiltration
for Three Soil/Hydrologic Units and Current Climate Conditions (134
Years shown).
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weighted average of the three units based on acreage fractions. This relatively simple approach is
consistent with an assumption of some subsurface mechanism for lateral water flow that makes vertical

infiltration equal at all locations. There is some justification for this based on observations of

subsurface stratigraphy (4).

The results of weighted averaging of the three soil units is shown in Table 3-5. Net infiltration ranges
from slightly less than 1 mm/yr to more than 2.3 mm/yr for full glacial conditions. This range is large
primarily because of increases in net infiltration from 30 percent of the repository area (shallow soils
and basins). Net infiltration from the slopes soil unit is almost constant for the five climate scenarios
modeled. Note that the coefficient of variability for net infiltration ranges from 47 to 58 percent while

that for precipitation ranges from 30 to 43 percent.

Figure 3-3 shows the relationship between areal net infiltration and precipitation for two climate
scenarios. The linear trends are more evident because the effect of large variability of the shallow and
basin soil units has been de-emphasized by the weighting procedure. The difference between the
precipitation distributions for the two scenarios is clear but both climates have similar high

precipitation outliers in their 134 year simulations.

Table 3-5

NET INFILTRATION VALUES FOR FIVE CLIMATE SCENARIOS

NET INFILTRATION, mm RAINFALL, mm
Standard Standard
Climate Mean Deviation Mean Deviation
1. Current 93 52 150.3 64.8
2. Greenhouse 1.02 48 161.7 58.7
3. 10% FGM® 1.23 .70 152.7 57.85
4. 50% FGM 1.65 .88 166.9 50.32
5. 100% FGM 235 1.36 180.7 58.06

‘FGM = Full Glacial Maximum
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Scenarios (134 years shown).

Climate Characterizations

Two climate characterizations were developed based on the climate scenarios simulated with the soil
water flow model: 0 to 1,000 years and 1,000 to 10,000 years. These climates were constructed based

on occurrence probabilities for the. five climate scenarios (see Table 3-2). The 0 to 1,000 year climate

was assumed to be dominated by greenhouse conditions while the 1,000 to 10,000 year climate had
a higher probability that glacial conditions would occur. Net infiltration probability distributions were
developed for these two time periods by sampling from the net infiltration distributions for the
component climate scenarios. Two thousand samples were taken according to the occurrence
probability proportions shown in Table 3-2. The distribution of net infiltration for the 1,000 to 10,000
year period is shown in Figure 3-4. For purposes of modeling net infiltration, this distribution was
broken up into three categories as shown in Figure 3-5. A single value of 0.9 mm/yr was chosen for

the 0 to 1,000 year climate because the range of net infiltration was relatively small.
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Figure 3-4. Distribution of Predicted Net Infiltration for 1,000 to
10,000 Years.

FLUX FLUX

0-1000 yrs  1000-10,000 yrs

0.9 mm/yr 0.5 mm/yr
p=0.05

0.9 mm/yr 1.5 mm/yr
p=0.90
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Figure 3-5. Net Infiltration Values and Probabilities.

SUMMARY AND CONCLUSIONS _

A physically realistic soil water flow model was implemented as part of an effort to make realistic
calculations of net infiltration. This was coupled with an analysis of soil/hydrologic units for the
proposed Yucca Mountain repository site and a detailed characterization of likely climate for the next

10,000 years. This approach resulted in net infiltration calculations that incorporate areal and temporal
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variability. In addition, the calculations incorporate uncertainty in terms of probability distributions

for net infiltration outcomes.

The method used here for estimating climate conditions and patterns incorporates several important
components. First, climate projections were made for five likely present and future scenarios. The
likelihood of each was estimated to provide occurrence probabilities. Second, the precipitation model
was based on events rather than annual characterizations of climate. Process based climate
characterizations were used with a probability distribution to assemble a realistic weather pattern
inchuding precipitation (with different winter and summer patterns), air temperature, evaporation, and

solar radiation.

The treatment of soil physical and biological factors provided an adequate conceptual model for net
infilration. Although the implementation of the model was not detailed, the structure of calculations

could be revised as necessary.

The use of three soil/hydrologic units provided the opportunity to show how various combinations of
physical factors result in different patterns of net infiltration. Both the shallow and basin soil units
had large and variable net infiltration amounts. The relationship of each to annual precipitation was
different but both combined to show larger average net infiltration values for the repository than the

slopes soil unit. The differences are significant for the evaluation of likely repository performance.,
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Section 4
CLIMATE-RELATED CHANGES IN THE WATER TABLE
by

Frank W. Schwartz

SCOPE OF EVALUATION

An important issue that technical evaluation of the Yucca Mountain site must address is how regional
groundwater conditions might change in response to a changing climate. In particular, the water table
position is a key variable because the engineered and geologic barriers to contaminant transport will
be most effective when the rocks are unsaturated. Thus, a rising water table in the future in response

to changing climates could substantially change the performance of the repository system.

Relatively few studies have examined the question of how the water table has changed in the past and
may be expected to change in the future. Our analysis at this stage relies on this existing work, Wthh
is discussed below. The particular node of the logic tree that represents water table change due to

climate change is discussed in detail below in "Description of the Node."

REVIEW OF EXISTING INFORMATION

Figure 4-1 illustrates the hydraulic head distribution in the upper part of the zone of saturation (1).
Generally this distribution also reflects the present configuration of the water table. As the figure
illustrates, the regional gradients for flow are variable. Zones of low hydraulic gradient northeast and
southeast of the proposed repository are separated by a zone with relatively high gradient in the
immediate vicinity of the proposed repository. This same tendency for zonation in the hydraulic
gradient is also evident on a regional basis (2). Indications are (1, 3) that the water table configuration

at Yucca Mountain is controlled by local variations in the hydraulic conductivity field.

Two kinds of analyses have been undertaken to estimate the extent of water table change in response
to a return to the pluvial conditions. The first examines direct field evidence of water table positions
during past glaciations. Winograd and Doty (4, for example, determined the distribution of historical

groundwater discharge in relation to existing discharge features for the regional carbonate aquifer
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system. The presence of tufas and calcite veins in sediments indicate that during the Late(?)
Pleistocene discharge occurred 14 km northeast of the Ash Meadow at altitudes approximately 50 m
higher than present (4). Calculations point to a maximum rise of 6 to 90 meters in the carbonate
aquifer beneath central Frenchman Flat with a rise during the Wisconsin of not more than 30 m,
These estimates of water table change are not directly transferable to Yucca Mountain, but help
constrain the magnitude of estimates. More recently, Levy (5) examined the distribution of vitric and
zeolitized tuffs at Yucca Mountain together with the structural history of the site. He found that the
highest water levels occurred more than 11.6 myr ago. The water table since probably has not risen

more than 60 m above its present location (5).

An alternative approach to the assessment of the historical evidence is to utilize a regional flow mode]
to predict the water table Tesponse 10 an increase in infiltration flux. The area involved in such a
study is that shown in Figure 4-1. The modeling assumed a 100 percent increase in precipitation,
which is would correspond to extreme changes based on information from reconstructed paleoclimates
(see Sections 2 and 3). Flux increases as a consequence of this increased precipitation ranged
generally from two times to more than twenty times the present-day values and were greatest along
Fortymile Wash. The simulation predicts 2 maximum rise in the water table of about 130 m at the
proposed repository (1). In summary, both of the site-specific analyses of water table rise (1, 5)

indicate that during pluvial conditions the water table wil] in all likelihood remain below the

repository.

DESCRIPTION OF THE NODE

The node representing the changes in the water table is conditional on infiltration, as shown in Figure
4-2. The upper branch represents no change in water table given that infiltration is 0.5 mm/yr. The
central set of nodes indicates an 0.6 probability of a 60 m rise in the water table given infiltration of
1.5 mm/yr, and an 0.4 probability of no change. Finally, the extreme infiltration of 5.4 mm/yr will
likely Iead.to Levy’s (5) value of 60 m rise (with 0.8 probability), but water table changes of + 130
m and + 230 m are also considered (with probabilities of 0.19 and 0.01, respectively). The last value
is assumed to flood one-half of the repository, as the current proposed location of the repository block

lies 200 to 400 m above the current water table.
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Figure 4-1. Map showing the configuration of the water table in the
vicinity of Yucca Mountain (from Czarnecki, ().

The probabilities assigned to the bottom three branches of Figure 4-2 reflect our belief .that the
mineralogical data at this point provide a more reliable estimate than the model-derived estimates.
Thus, larger and larger departures from Levy’s (5) estimate of a maximum rise of 60 m are assigned

smaller and smaller probabilities. The actual values assigned to the probabilities remain very




uncertain. At this stage of the site investigation, there are no data available to define the probabilities

with more confidence. Although the probability of a water table rise of 230 m to flood the repository

is low, this particular case is included to represent this extremely important condition in the overall

analysis.

CHANGE IN WATER TABLE

AWT=0
p=10

INFILTRATION
NODE

AWT=0

p=0.40
AWT=60m

p=0.60

AWT=60m
p=0.80

AWT=130m
p=0.19

AWT=230m
p=0.01

Figure 4-2. Logic tree node depicting uncertainty in change in water table.
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Section 5
EARTHQUAKES AND TECTONICS
by

Kevin J. Coppersmith and Robert R. Youngs

SCOPE OF EVALUATION

The objective of the earthquake and tectonics part of the model is to represent, in a physically realistic
way, the magnitude, location, and likelihood of earthquake occurrence in the vicinity of the repository
and the resulting effects on repository performance. The primary hazard associated with earthquakes
is considered to be canister failure caused by fault rupture through the repository. Fault rupture
includes movement that may occur on recognized primary faults as well as secondary faulting that may
occur in the vicinity of primary faults along minor or unrecognized faults. The earthquake process
is modeled by considering the activity of various faults, the three-dimensional geometry of known
faults, their earthquake recurrence characteristics, and locations and displacements of fault rupture
relative to the three-dimensional geometry of the repository. Knowledge and uncertainty regarding
the behavior of faults is incorporated through the use of logic trees, and the pattern and amount of

fault displacement is depicted by simulation of €arthquakes and associated ruptures.

The basic model constructed for this analysis consists of two parts: (1) a seismic source model that
defines the location, size, and frequency of earthquakes, and (2) a fault rupture model that simulates
primary and secondary ruptures in three-dimensions to arrive at the likelihood of various lengths of
faulting through the repository and amounts of displacement. The first part of the model is a rather
standard fault-specific source characterization model that might be the first part of a probabilistic
seismic hazard analysis. The details of this model were presented previously (1) and remain

unchanged.

The second part of the model, which simulates the occurrence of fault displacements, has been revised
in the current application. The basic approach used is the same as that developed previously, but
revisions were made to the relationships used to specify the distribution and amount of secondary

faulting that may be associated with a normal faulting earthquake. These revised relationships are

5-1




based on analysis of a secondary faulting database developed for this study. The database is described

in Appendix A.

EVALUATION OF SECONDARY FAULTING POTENTIAL

Earthquake Source Model

Figure 5-1 shows the location of the faults that have been mapped or inferred in the vicinity of the
repository. These faults are considered to be the sources of potential future significant earthquakes.
Each fault was characterized in terms of its activity, geometry, maximum magnitude, and frequency
of c’a}thquakc generation. The logic tree formulation shown in Figure 5-2 was used to model the
uncertainty in the source characterization parameters for each of the faults. Detailed descriptions of
the individual source parameters and the bases for the values selected are presented in (1). The

resulting average earthquake recurrence relationships developed for each fault are shown in Figure 5-3.

Frequency of Fault-Displacement Induced Canister Failure

The primary earthquake related hazard is considered to be rupture of the waste containers induced by
fault displacement. The observation of many historical surface fault ruptures often indicates that the
map-view width of the zone of faulting during an earthquake is not restricted to a narrow zone along
the primary fault, but is a fault zor;c that is scvéral meters to kilometers wide. The rupture along the
coseismic fault is termed "primary" rupture, and the zone of faulting away from the primary fault is
termed "secondary” rupture. In the context of the repository, there is concern about both primary and
secondary rupture for faults that actuall)} transect the repository (the Ghost Dance fault), and secondary

fault rupture associated with all faults in the site vicinity.

The formulation used to estimate the frequency of canister failure, Ve i8:

Ve = T o (m9) f Rm)EIN (| mon fault )] dm (5-1)
where o,(m°) is the frequency of earthquakes on fault n with magnitudes greater that a minimum
magnitude of interest, m°, f{im) is the density function describing the relative frequency of various
magnitude earthquakes, and E[Ng.(| m on fault n)] is the expected number of canister failures in the
repository given an earthquake of magnitude m on fault n. Parameters o,(m°) and f{m) come directly
from the earthquake occurrence model for the faults and are described by the earthquake recurrence
curves shown in Figure 5-3. Parameter E[N(| m on fault n)] is a function of the length of faulting

in the repository during an earthquake, the density of canisters within the repository, and the amount
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Figure 5-1. Location map of faults considered in assessment of
potential fault rupture in repository.
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. Geometry . Slip Rate Recurrence
Fault Activily Dip/Depih Magnitude (mmyr) Model
(Mw)
(no other
values used
in model
5.4 0.001 Characlerislic
(0.2) (0.2) (0.6)
Ghost Dance 60°/15 5.9 0.002
(1.0) (0.6) (0.6)
Inactive 6.4 0.004 Exponential
(0) 0.2) (0.2) (0.4)

Figure 5-2. Earthquake logic tree for Ghost Dance fault.
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Figure 5-3. Predicted earthquake recurrence
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of displacement necessary to rupture a waste canister.

The method used to estimate the number of canisters failed by an earthquake of magnitude m is
illustrated schematically in Figure 5-4. Assuming vertical canister placement, then the zone over
which fault displacements can intersect the waste canister is given by L /tan® - L{m), where L. is
the canister length, © is the fault dip, and L{m) is the length of faulting within the repository given

a magnitude m earthquake. The expected number of canister failures is evaluated by the expression

Lc
E[N(|monfaultn)] = - “E[L(m) for faultn] P(D>d . |m) (5-2)

.35,000
an® R

where E[L{m) for fault n] is the expected length of faulting in the repository for a magnitude m

earthquake, R, is the total area of the repository, 35,000/R,,., is the number of canisters per unit area,

area

and P(D>dz| m) is the probability that the fault displacement, D, for a magnitude m earthquake will

exceed the threshold necessary to cause canister failure, dg.

Fault plane

L c (canister length)

Zone within within which faulting can
intersecl canisler = L c/lanO

Lg (m)

Figure 5-4. Method used to estimate the number of canisters intersected by faulting
through the repository.

The expected length of faulting within the repository, E[L{m) for fault n], was evaluated using a
simulation process that accounts for variability in fault zone width and the amount of secondary
faulting that occurs in an earthquake. The amount of secondary rupture displacement was estimated
as a variable fracton of primary displacement, which is a lognormally distributed function of the
magnitude of the earthquake. The basis for these estimates are also described in Appendix A. For

the current application, the frequency of canister failure was evaluated with d set to 1, 4, and 10 cm.
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For each of the faults shown in Figure 5-1, Equation 5-1 was used to compute the frequency of fault
displacement-induced canister failure Vcr for a given set of earthquake source parameters defined by
the end branches of the earthquake logic tree (Figure 5-2). The calculation was repeated for all end
branches of the earthquake logic tree for each fault, and for all faults to arrive at a discrete distribution
for the frequency of canister failures. Figures 5-5, 5-6, and 5-7 show the computed distributions for
der of 1, 4 and 10 cm, respectively. Shown are the distribution of v, considering only primary
rupture (top plot), only secondary rupture (middle plot), and both types of rupture (bottom plot). As

can be seen, the frequency of canister failure is controlled by the occurrence of secondary rupture.

EVALUATION OF EARTHQUAKE INDUCED STRESS CHANGES

The mechanism by which the occurrence of an earthquake may induce changes in the level of the
water table is described in detail in Section 6. As indicated in that section, the increase in the
elevation of the water table results from the static stress drop associated with an earthquake. This

section presents the approach used to compute the probability of occurrence of various levels of stress

drop.

The probability that coseismic stress drop, Ao, will exceed a specified level, z, during a time period

T was evaluated using the standard formulation for probabilistic seismic hazard analysis, namely:

P(ac>z) = 1-¢7VOT (5-3)
where v(z) is the frequency of exceeding stress drop z and is given by:
V@ = X am) [fm)P8c>z|mydm (5-4)

The probability that the stress drop for a given magnitude event will exceed a specified level,
P(Ao>z | m) was estimated from the relationship developed in earlier applications and shown in Figure
5-8. Individual event stress drops are assumed to be lognormally distributed about the relationship

shown in Figure 5-8.

Equations 5-3 and 5-4 were was used to compute the probability of exceeding various levels of stress
drop using each set of parameters defined by the end branches of the earthquake logic trees (Figure
5-2). The top plot in Figure 5-9 shows the resulting probability of exceeding various levels of stress
drop for time periods of 100, 1,000, 10,000, and 100,000 years. These stress drop hazard curves were

discretized to obtain probability distributions for the largest stress drop in a specified time period, as
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bottom is the combined effects of primary and
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shown in the bottom plot of Figure 5-9. Figure 5-10 presents histograms showing the contributions
of various magnitude earthquakes to the frequency of exceeding various levels of stress drop. The
results presented in Figures 5-9 and 5-10 and used in Section 6 to evaluate the potential for

earthquake-induced water table change.
SUMMARY

Consideration of earthquakes and tectonics leads to assessed probabilities of rupture of waste

containers in the proposed repository. To incorporate this information into the overall logic tree
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assessment, use is made of insights gained from the previous application of this methodology. That
application suggested that carthquake-induced ruptures of waste containers is a relatively minor effect

that does not contribute significantly to large off-site releases.

Thus, the earthquake effects can be treated in a simple, conservative way, to confirm whether they are
small in the present application. For this, the design air gap around each container is 2 cm, so a
displacement greater than 4 cm would imply contact between the container and the borehole wall. We

assume, conservatively, that this implies rupture of the container. Similarly, if the airgap has failed
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because of borehole fractures (see Section 8), we assume that a 1 cm fault displacement would imply
container rupture. Over a 10,000 design lifetime these scenarios imply that, in expected numbers, two
containers (for 4 cm offset) or three containers (for 1 cm offset) will be ruptured, out of the inventory

of 35,000 containers in the proposed repository.

The earthquake effects are modeled with two branches of the master logic tree, as shown in Figure
5-11. Because of the small numbers of waste containers involved, explicit treatment of uncertainty

propriate, so the first branch excludes earthquake effects and the second includes them, in the
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manner described above. A further simplification is that earthquakes are assumed to occur in year
1,000, which is the first time step in the temporal integration over repository effects. The alternatives
in Figure 5-11 represent alternative methods of performance assessment (with and without earthquakes)
and are arbitrarily assigned probabilities of 0.5 each, so that the influence of earthquakes on. release

levels can be investigated through sensitivity studies.
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curves showing the probability distribution of the largest stress
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EARTHQUAKE EFFECTS

NO EARTHQUAKES
p=0.5

2 OR 3 CONTAINERS RUPTURED
p=0.5

Figure 5-11. Logic tree mode depicting earthquake effects.
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Section 6
WATER TABLE CHANGE DUE TO A NORMAL FAULTING EARTHQUAKE
by

John M. Kemeny and Neville G. W. Cook

INTRODUCTION

Yucca Mountain, Nevada, is the proposed site for the underground storage of high level nuclear waste.
The repository is to be located at a depth of 350 meters below the ground surface, and the water table
is presently at a depth of 550 meters below the ground surface (1). The 200 meters of unsaturated
rock between the repository and the water table is a natural barrier that is used to protect the regional
groundwater for at least 10,000 years. Processes that could change the level of the water table (and
thus the thickness of the barrier) include climatic changes, volcanism, and earthquakes. This paper
focuses on the effects of normal faulting earthquakes on the level of the water table beneath Yucca
Mountain. Yucca Mountain is located in a region of active normal faulting (e.g., (2, 3, 4, 3)). In
particular, normal faults occur in the region immediately surrounding Yucca Mountain. The most
important of these are the Solitario Canyon and Bow Ridge faults on the western and eastern flanks

of Yucca Mountain, respectively, and the Ghost Dance fault, which goes directly through the proposed
repository site (1).

Szymanski (6) proposed that a large rise in the level of the water table could occur following a normal
faulting earthquake, due to the co-seismic redistribution of stress. Szymanski’s analysis was
qualitative in nature and he did not develop a model for accurately estimating the change in the level
of the water table that could be expected following eanﬁquake rupture in the Basin and Range.
However, seismological and geological evidence support water table changes following Basin and
Range earthquakes. For example, Whitehead (7) cites significant hydrologic changes that were
observed following the Borah Peak earthquake (magnitude 7.3) on October 28, 1983. These changes
include groundwater levels which rose as much as four meters, increases in the discharge in springs
and streams, and the development of new springs. Also, Sibson (8, 9) showed that normal faulting

earthquakes may be responsible for the upwelling of fluids along faults that result in mineral deposits.
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In the past several years, models have been developed by several investigators for estimating changes
in the level of the water table folowing nommal faulting earthquakes. For instance, the EPRI model
(10) estimated rises in the water table ranging from 1 to 15 meters due to large (magnitude 7) normal
faulting earthquake near Yucca Mountain. This model can be summarized as follows. In an
extensional regime such as the Basin and Range, a drop in shear stress along a ruptured fault results
in an increase in compressive stress in the elastic Lithosphere surrounding the fault. Due to this
increase in compressive stress following earthquake rupture, water will be squeezed out of pores,
cracks, and faults, moving up towards the ground surface. A model for the amount of water that
would be displaced was developed, based on the additional compressibility of the ground due to pores,
cracks, and faults. Some additional assumptions were made about the volume over which the stress
change occurred, and the porosity of the ground above the water table. Based on these assumptions,
a relationship between the water table rise, Aw, the stress drop, At, and the depth of faulting, h, was

derived;

Aw(meters)=At(bars)«1.2 10-«h(meters) (6-1)

For example, for a magnitude 7 earthquake that ruptured to a depth of 15 km with a 50 bar sess

drop, a water table rise of 9 meters is predicted using this relationship.

The principal drawback in the analysis described above is the large uncertainty in the compressibility
of void space in pores, cracks, joints, and faults. A major improvement in the cumrent project is the
inclusion of mulnplc layers and the estimation of rock compressibilities using field measurements, in
particular seismic wave velocity measurements from downhole borehole logs. This Section describes
the development of a layered model for water table change due to a normal faulting earthquake in the
vicinity of Yucca Mountain. For the ground below Yucca Mountain, a horizontally layered model
with four layers above the water table (Tiva Canyon, Topopah Springs, Calico Hills, Prow Pass) and
six laycrs below the water table (Bullfrog, Tram, Lithic Ridge, Lone Mountain, Roberts Mountain) is
considered. The seismic velocities and porosities for these layers have been obtained from the Site
Characterization Plan (1). A relation is derived that relates the seismic velocities and porosities in
each layer with the compressibility of the void space due to pores and fractures. From this relation
and the stress drop due to an earthquake rupture, the displaced volume of water is calculated. Finally,
the rise in the level of the water table is calculated using assumptions about the amount of unsaturated

pore space above the water table.
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STRESS CHANGE FOLLOWING BASIN AND RANGE EARTHQUAKES

Following earthquake rupture, the shear stress along the fault will drop. In a normal faulting regime,
the maximum principal stress will be the vertical stress due to gravity, and the minimum and
intermediate principal stresses will be horizontal. In addition, the vertical stress due to gravity will
remain unchanged following earthquake rupture. Figure 6-1 illustrates on a Mohr circle diagram the
stress state immediately before and after fault rupture in a normal faulting regime. The shear stress
will decrease, and due to the constraint that the vertical stress remains unchanged, the minimum
horizontal stress will increase (become more compressive). The magnitude of the increase in
compressive stress can be estimated from seismic source parameters. For a normal faulting earthquake

that ruptures to the ground surface, the stress drop is estimated as:

8M
At=— 2 (6-2)

3nih
where M, is the seismic moment, t is the fault depth, and b is the fault thickness (11). Assuminé a
normal fault with a dip 0, the increase in mean stress Ap following a normal faulting earthquake
becomes:

- At(l +V) (6‘3)

3sinBcosO
where v is Poisson’s ratio. Data on stress drops following Basin and Range earthquakes are available
in the previous EPRI report (10). These results show that stress drop is a function of the earthquake
magnitude up to magnitude 6 earthquakes, after which stress drop appears to be independent of
magnitude (see Figure 6-2). Based on these data and the frequency of earthquakes of different
magnitudes in the Basin and Range, the probabilities of stress drops of different sizes have been
determined (see Section 5). These probabilities are presented in Table 6-1 below. For instance, the
probability of a stress drop of 50 bars is 0.2. For a normal fault dipping at 60°, this gives an increase

in compressive stress fbllowing earthquake rupture of about 48 bars.

The spatial extent of 't.hc increase in compressive stress can be estimated from the depth of faulting.
For an edge crack in an elastic half-space, the horizontal extent of stress change in each direction from
the crack is approximately equal to the crack length. Based on this, we assume that the extent of the
stress change on both sides of the fault will be approximately equal to the fault depth. Basin and
Range earthquakes initiate at a depth of approximately 15 km, so the extent of stress change should

be approximately 15 km on each side of the fault.
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Table 6-1

PROBABILITIES OF VARIOUS STRESS DROPS FOR
NORMAL FAULTING EARTHQUAKES

Stress Drop (bars) Probability
<1 0.0015
1 0.01
2 0.054
5 0.126
10 0.208
. 20 0.31
50 0.20
100 0.07
> 200 0.02
ov
zﬂ"’; / —t— (oh)b |10km
Ti E
ov
Sllb.le. afier ; — —(oh)a 10km
T =S0+0
T
ov>cH > ch
(oh)b (ch)a ov

Figure 6-1. Mean Stress Changes due to Normal
Faulting.

LAYERED MODEL AND THE COMPRESSIBILITY OF EACH LAYER
A layered model for the ground beneath Yucca Mountain is considered. A simplified stratigraphy is
shown in Figure 6-3. The first 1800 meters below the ground surface have been broken up into 9

6-4




H ] ’ ] ] ] .J
o} @
100 - (o] o E
4 o 3
~~
¢ /TTTE RIS
o] / o]
L ’'d Y o
10 / fo R e) -
& 3 / 0 0 & 3
& . / 0
Q - / (o] o]
" -7 00 00
%3 "
g 7/
5 . oo © .
1 o
s
10-| } " 1 . ¢ ) | N ] .
5.5 6 6.5 7 7.5 8

Magnitude (Mw)
Figure 6-2. Stress drop vs. magnitude data.

layers, as shown in Figure 6-3. The water table is assumed to be at the base of the Prow Pass unit,
at a depth of 350 meters. The ground between 1800 and 10,000 meters is considered to be a single
layer of dolomite. Some of the known material properties for each of the layers is also shown in
Figure 6-3, from DOE (1. These material properties includes the porosity, ¢, the density, p, and the
S and P wave velocities, o and B. In general, Figure 6-3 shows that with increasing depth from the
surface to 10,000 meters, the porosity decreases (30% to 2%), the density increases (2160 to 2650
kg/m®), and the P and S wave velocities increase (2500 to 6700 and 1500 to 3500 m/sec, respectively).
The bulk compressibility, K, is a measure of the decrease in bulk volume with increasing mean
compressive stress. The intrinsic bulk modulus for tuff and dolomite are about 40 GPa and 100 GPa,
respectively. The effective bulk modulus, referred to as K, includes the additional compressibility due
to pores, microcracks, and larger scale fractures. K can be determined from seismic velocity
mcésurcmcnts taken from borehole ldgs. The P and S velocities are denoted by « and B, respectively.

The relationship between the P and S velocities and the effective elastic moduli are given by:

_ _w
a{hzs] (6-4)
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where A is the effective Lame’s constant, G is the effective shear modulus, and p is density. Using

the relationship:

E:X%é (6-6)

this gives:

-~

K =p[a2—§ﬁz] (6-7)

PORE VOLUME CHANGE DUE TO STRESS CHANGE

An increase in mean compressive stress due to an earthquake will squeeze water out of pores, cracks,
joints, and faults and towards the ground surface, resulting in a rise in the level of the water table.
The elastic change in the pore volume due to an increase in mean stress is referred to as the pore
compressibility, Cpc. In this section we derive a relationship between the pore compressibility, Cpc,
the intrinsic and effective bulk moduli, K and I—(, and the porosity, ¢. This relationship is derived
using Betti’s reciprocal theorem. The reciprocal theorem is applied to a three dimensional body with
volume V containing a single pore with volume v. For the reciprocal theorem, the body is subjected
to two sets of épplicd stress, as shown in Figure 6-4. In the first set, a hydrostatic pressure p, is
applied both externally to the body, and to the surfaces of the pore. In the second set, a hydrostatic
pressure p, is applied only to the outside of the body. The reciprocal theorem states that the strain
energy due to the first set of forces through the displacements of the second set is equal to the strain
energy of the second set of forces through the first set of displacements. The volume change of the
first body is p,/K, and the volume change of the second body is pz/[z Also, the volume change of
the pore in the second body is pchcv. Applying the reciprocal theorem to these two sets of boundary

conditions, it follows that:

p P
p‘_l_fV—plpZCPcv=p2_KlV (6-8)
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Figure 6-3.  Simplified  stratigraphic model of Yucca
Mountain.

which upon setting p, = p, reduces to:

x| -

- 6-9
= (6-9)

C.0
where the porosity ¢ is equal to v/V. Equation (6-9) is the relationship between the pore volume
change and the intrinsic and effective bulk moduli for the case when the void space is empty (or
containing water but under drained conditions). In the case of an earthquake rupture, the water in the

pores will not have time to drain and an increase in pore pressure will result. A formula for pore

volume change under undrained conditions can be derived by considering the pore volume change due
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to both an applied external pressure Ap_ and an applied pore pressure Ap,. The change in pore volume

is given by:

Av Ap, -
T=CPCApC-CWApP= = P (6-10)

w

where C,p is the compressibility due to Ap,, and K, is the bulk modulus of water (3.0 GPa).
Rearranging, this gives:
N C_Ap
A = = pe ¢
P = i i (6-11)
—+ C -
K e K, K

and using equation (6-9), the formula for the instantaneous increase in pore pressure becomes:

[1 ] l}\p
ap-_LK K (6-12)

P 1 1+¢
K

2,
Kw

=

Equations (6-10) and (6-12) can now be rearranged to give the pore volume change under undrained

conditions:

1
K K 6 1 1+
K, ¥ K
C,0- ~ K (6-13)
11
KX
S0, T 1+
K,k K

WATER TABLE CHANGE
Based on the material properties given in Figure 6-3 and the relationships derived above, the effective

bulk modulus, and instantaneous build-up in pore pressure, and the volume of water displaced (per 100
bar stress drop) are calculated for each of the layers below the water table. These results are presented

in Table 6-2.
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Figure 6-4. Hydrostatic pressure on free body.

Table 6-2

CALCULATED VOLUME OF DISPLACED WATER IN GEOLOGIC UNITS

Results for: AT = 100 bars, v = 0.3, 8 = 60°, ¢ above water table (Prow Pass) = 0.24, Sw above
water table = 0.7

Pore Displ.
UNIT K (x109)Pa , K (x10°)Pa Pres. (MPa) Vol. (m*)
Bullfrog 40 16.7 2.5 0.065
Tram 40 17.4 3.0 0.078
Lithic Ridge 40 16.7 3.0 0.166
Lone Mtn.
Dolomite 100 719 1.4 0.020
Roberts Mitn.
Dolomite 100 78.5 2.2 0.004
8000m of -
Dolomite 100 77.1 2.8 0.322

6-9




The total displaced pore volume for the 6 layers below the water table (per unit area) is given by:

[
Av=4pY" (C,) ¢ h, (6-14)

If we consider a constant porosity ¢, and wetting phase saturation SWynsar above the water table,
then the rise in the water table due to the displaced pore volume is given by:

Ah=___ & (6-15)
Pliad ¢uﬂ$ll(l _Swunnl)

If we consider a constant porosity above the water table, and a wetting phase saturation that varies
from Sw, at the top of the original water table to Sw, at the top of the new water table, then the rise
in the water table is given by:

Av

Sw +Sw, (6-16)
___2__)

Ah=

$ (1~

Uncertainties in Stress Drop, Unsaturated Pore Space, Material Properties

The major uncertainties in calculating the water table change due to an earthquake are:

1. Uncertainty in Stress Drop
2. Uncertainty in the Unsaturated Pore Space above the Water Table
3 Uncenainty in Material Properties

The first uncertainty is the magnitude of the stress drop. The probability of stress drops of different

sizes is given in Table 6-1.

The second uncertainty is the available unsaturated pore space above the water table. Three
assumptions about the unsaturated pore space above the water table are made. The first assumption
is that 70% of the pore space is filled above the water table. The second assumption is that 90% of
the pore space is filled above the water table. The third assumption is that the filled pore space above
the water table varies from 90% at the water table to 70% at the top of the new water table change.

The probabilities assigned to these three assumptions are given as follows:
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Percent saturation above the water table Probability

70% 03
70-90% 0.4
90% 0.3

The third uncertainty is the material properties used to estimate the effective bulk modulus for the
different layers. As a check on the results determined from seismic velocity measurements, laboratory
results of the effective bulk moduli have been measured for the first two layers below the water table.

These results are given as follows:

Bullfrog member E = 4.86 GPa
Tram member K =7.92 GPa

These results are lower than the results obtained from seismic velocities. For these layers, the
following probabilities were assigned to methods of estimating the effective bulk moduli in the

Bullfrog and Tram members:

Method of obtaining K ' Probability
Laboratory test 0.25
Seismic velocities 0.25
Average the two : 0.5

Results

Based on the nine alternatives for stress drop, three alternatives for saturation above the water table,
and three alternatives for material properties, there are 81 total scenarios to be considered. Based on
the results of these 81 cases, the results were reduced to 6 categories of water table rise, and a
probability for each category was calculated. The results are in Table 6-3, and are shown in the logic

tree format in Figure 6-5.
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Table 6-3

PROBABILITIES OF DIFFERENT CHANGES IN WATER TABLE,
GIVEN AN EARTHQUAKE

Water Table Rise Probability
0 - 6 meters 0.493
6 - 15 meters 0.277
15 - 30 meters 0.161

- 30 - 60 meters 0.055
60 - 90 meters 0.008
90 - 130 meters 0.006

The results indicate that it is likely that due to an earthquake, the water table rise will be 15 meters

or less. This is in agreement with the results in EPRI (7).

CHANGE IN WATER TABLE GIVEN EARTHQUAKE

AWT=0-6 m
p=.493

AWT=6—15 m
p=.277

AWT=15-30 m
p=.161

AWT=30-60 m
p=.055

OWT=60-90 m
p=.008

AWT=90-130 m
p=.006

Figure 6-5. Logic tree node showing change in water table given an earthquake.
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Section 7

VOLCANO OCCURRENCES

by

M. F. Sheridan

SCOPE OF EVALUATION

Estimation of the probability of future volcanism is an important consideration in the evaluation of
volcanic risk at the proposed repository at Yucca Mountain (1, 2, 3, 4, 3, &
radionuclide migration associated with volcanism is a function of three factors: (1) the temporal proba-
bility that a volcanic event will occur, (2) the spatial probability that, given an occurence, a volcanic
event will effect the proposed repository, and (3) the probable effect of volcanism on the release of
radionuclides from the repository. Probability estimates for all of these considerations are presented
here using the logic tree approach to characterizing and quantifying alternative events and their

probabilities.

The two variables, time and space, are dependent but can be separated to simplify the analysis. The
temporal analysis gives the probability in events per year of a volcanic feature associated with a
specific source location. The spatial analysis gives the probability, expressed a fraction, that a
volcanic feature will intersect a defined geographic area. This Section presents a new methodology
for determining probability functions for various spatial models of volcanism proposed for the Yucca
Mountain region that is compatible with a risk-based approach to site evaluation. The cornerstone for
the new model is a Monte Carlo simulation that plots the trace of volcanic dikes specified by a set

of input parameters.

The main assumption for forecasting future volcanic activity near Yucca Mountain is that the future
will follow the pattern of past events in similar settings within the Great Basin. With this assumption,
existing volcanic fields provide the basic data to establish probabilities for the frequency, type, and
geometry of potential future volcanic events in this area. The two most important data sets for this
analysis are: (1) the distribution of existing volcanic vents in time and space, and (2) the geometry of

dikes associated with young volcanism.




TEMPORAL MODELS OF VOLCANISM

Temporal models for risk evaluation of historically active volcanoes are designed to predict events
expected within a few months or years in the future. Risk predictions for a future eruption at extinct
volcanoes are extremely difficult. Predictions for volcanic events near Yucca Mountain must extend
from 10,000 to 100,000 years into the future in an area with no historic activity and relatively few
extinct volcanoes. For this reason existing methodologies of prediction must be modified to be

appropriate for the expanded time range of prediction.

One-method used to characterize the rate of volcanism over long periods of time is to divide the
number of events associated with a specified source area or volcanic field by the lifetime of the field.
A better measure of volcanic activity would be a cumulative plot of the magnitude of volcanism, such
as the volume or mass eruption rate, with time. However, data on volume output of lava with time
is difficult to determine for older volcanic fields. Thus, typical values of eruption rates are made by
dividing the age of the field by the number of identified scoria cones or lava sheets. The frequency

of small or subsurface features, such as dikes, are generally not considered by this method.

Basaltic magma is generated in the mantle and moves to the surface through fracture system controlled
by regional tectonics. The source regions for basalt are generally smal'l (tens of kilometers diameter
or less) and the crust in the Great Basin is relatively thin (between 20 and 30 kilometers). Because
feeder dikes with dips less than 45 degrees are unlikely, geometric arguments indicate that a source
field for volcanic features that could affect the area must be within a radius of less than 30 or 40
kilometers from the repository. The chance of magma being generated more than 40 km from a
source is insignificant (less than 10°'° per year), and therefore may be disregarded as potential source

for new volcanoes near Yucca Mountain.

The group of volcanoes less than 3.7 my old located in Crater Flat and Lathrop Wells is a logical
choice for the most probable source field of new magmatic activity in this area. The temporal
probability of a new volcano related to this field based on a study of 10 volcanoes that erupted during

the past 3.7 x 10° years was estimated by Crowe (5, 6, 7) to be about 10* per year.

Confidence in the temporal rate of volcanism depends on the degree to which the age, number, and
location of volcanic events related to the source field are known. A large number of events and a long
duration of time better constrain the estimate of temporal probability. An important consideration in

the volcanology model is the selection of the most likely source region for basaltic magma located
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near Yucca Mountain.

The actual probability needed for the computer model is the temporal frequency of volcanic dikes
associated with the field. Assuming that the number of dikes intruded near Yucca Mountain in the
past 3.7 x 10° years is 30, the calculated probability of a new dike in the next 10,000 years is
approximately 7.5 x 102 This value is used in computation of the conditional logic for the probability

tree calculations.

SPATIAL MODELS OF VOLCANISM

The spatial analysis of volcanic activity should be designed on a paradigm that mimics the patterns
of existing volcanoes. Volcanic features in the Western United States occur in groupings or clusters
at various distance scales. The problem is to choose a scale that is appropriate for the problem in

~ hand.

The largest scale to consider includes all of the potentially active volcanoes that are present in the
Western U.S. Within this region of active volcanism are large-scale (hundreds of kilometers in length)
alignments or groupings of volcanoes with similar compositions and styles of eruption that define
chains or broad regions, such as, the Cascade Range, the Snake River Plain, and the Columbia River
Plateau. At a smaller scale (tens of kilometers in length), areas of continuous volcanic cover and a
common source region define composite volcanoes, caldera complexes, or volcanic fields, each with
hundreds of obvious events. At a smaller scale yet are individual volcanoes (hundreds of meters in
length) which may have single or repeated eruptions. The smallest scale is illustrated by individual
fissures or dikes which may be separated by tens of meters. The similarities in geometry and eruptive
frequency that persist at all of the above scales make volcanoes amenable to statistical modeling which

very likely has a fractal relationship in time and space.

The pattern of conduits associated with a source area define the spatial distribution of past features.
New volcanic events can be predicted based on statistical assumptions about the distribution of the old
conduits. In the discussion above, source areas for magma generation at distances greater than a few
tens of kilometers from Yucca Mountain are shown to be irrelevant insofar as the risk to a repository
at Yucca Mountain is concerned. Only the sources that produced surface lavas and scoria cones in

the vicinity of Crater Flat present a