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Abstract Characterizing percolation patterns in unsatu-
rated fractured rock has posed a greater challenge to
modeling investigations than comparable saturated zone
studies due to the heterogeneous nature of unsaturated
media and the great number of variables impacting
unsaturated flow. An integrated modeling methodology
has been developed for quantitatively characterizing
percolation patterns in the unsaturated zone of Yucca
Mountain, Nevada (USA), a proposed underground
repository site for storing high-level radioactive waste.
The approach integrates moisture, pneumatic, thermal, and
isotopic geochemical field data into a comprehensive
three-dimensional numerical model for analyses. It takes
into account the coupled processes of fluid and heat flow
and chemical isotopic transport in Yucca Mountain’s
highly heterogeneous, unsaturated fractured tuffs. Modeling
results are examined against different types of field-
measured data and then used to evaluate different hydro-
geological conceptualizations through analyzing flow
patterns in the unsaturated zone. In particular, this model
provides clearer understanding of percolation patterns and
flow behavior through the unsaturated zone, both crucial
issues in assessing repository performance. The integrated
approach for quantifying Yucca Mountain’s flow system is
demonstrated to provide a practical modeling tool for
characterizing flow and transport processes in complex
subsurface systems.

Résumé Dans le cadre des études par modélisation, la
caractérisation des schémas de percolation dans les roches
fracturées non saturées constitue un défi supérieur aux
études similaires en zone saturée, du fait méme de la
nature hétérogéne des milieux et du plus grand nombre de
variables influant sur ces écoulements non saturés. Une
méthodologie intégrée de modélisation a été développée
dans le but de caractériser quantitativement les schémas de
percolation dans le secteur de Yucca Mountain (Nevada,
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Etats-Unis), propos¢ comme site de stockage pour des
déchets hautement radioactifs. L’approche intégre a la fois
des données géochimiques isotopiques, thermiques, pneu-
matiques, et d’humidité dans un modé¢le numérique tri-
dimensionnel pour effectuer les analyses. Elle prend en
compte les processus interdépendants de flux de chaleur et
de matiére et de transport isotopique chimique dans les
tufs fracturés non saturés et trés hétérogénes de Yucca
Mountain. Les résultats de la modélisation sont confrontés
a plusieurs catégories de mesures de terrain, puis utilisés
pour évaluer plusieurs concepts hydrogéologiques par
I’analyse des cheminements des écoulements dans la zone
non-saturée. Ce modéle permet notamment d’appréhender
plus clairement les schémas de percolation et les com-
portements des écoulements dans la zone non-saturée, qui
sont deux points-clés de I’évaluation des potentialités d’un
site de stockage. Cette approche intégrée de quantification
du systéme hydraulique de Yucca Mountain constitue un
outil tangible de modélisation, qui permet de caractériser
les processus d’écoulement et de transport dans des
systémes souterrains complexes.

Resumen Debido a la naturaleza heterogénea del medio y
el gran nimero de variables involucradas en el flujo, la
caracterizacion de los patrones de percolaciéon en la zona
no saturada de rocas fracturadas ha constituido un mayor
desafio en las investigaciones de modelacién en compa-
racion con los estudios de la zona saturada. Se ha
desarrollado una metodologia de modelacion integrada
para la caracterizacion cuantitativa de los patrones de
percolaciéon en la zona no saturada de la montaia de
Yucca, Nevada (EEUU), sitio propuesto para la disposi-
cion subterranea de desechos radiactivos de alto nivel. La
propuesta metodoldgica integra datos de campo de
humedad, presion neumatica, temperatura, isotopos y
analisis quimicos en un completo modelo tridimensional
para su analisis. Tiene en cuenta procesos simultineos de
flujo de fluidos y calor y transporte quimico e isotopico en
las tobas volcanicas fracturadas no saturadas y altamente
heterogéneas de la montafia Yucca. Los resultados de la
modelacién se examinan contra diferentes tipos de
mediciones realizadas en campo y posteriormente son
utilizados para evaluar diferentes conceptualizaciones
hidrogeoldgicas mediante el analisis de los patrones de
flujo en la zona no saturada. Particularmente, este modelo
provee una mejor comprension de los patrones de
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percolacion y del comportamiento del flujo a través de la
zona no saturada en la instancia crucial de evaluar la
realizacion del dispositorio. La propuesta metodoldgica
integrada para cuantificar el sistema de flujo en la montafia
Yucca constituye una herramienta de modelacion practica
para caracterizar los procesos de flujo y transporte en
sistemas subsuperficiales complejos.

Keywords Unsaturated zone - Fractured rock -
Yucca Mountain - Dual-continuum model -
Perched water

Introduction

Since the 1980s, the unsaturated zone (UZ) of the highly
heterogeneous, fractured tuff at Yucca Mountain, Nevada,
USA (Fig. la) has been investigated as a possible
repository site for storing high-level radioactive waste.
Characterization of flow and transport processes in the
fractured rock of the Yucca Mountain UZ has received
significant attention and generated substantial interest in
scientific communities over the last two decades. During
this period of extensive studies, many types of data have
been collected from the Yucca Mountain UZ, and these
data have helped in developing a conceptual understand-
ing of various physical processes within the UZ system.

While quantitative evaluation of fluid flow, chemical
transport, and heat transfer has proven to be essential, the
complexity of geological conditions and physical process-
es within the Yucca Mountain UZ has posed a tremendous
challenge for site characterization efforts. The need for
quantitative investigations of flow and transport at the
Yucca Mountain site has motivated an ongoing effort to
develop and apply large, mountain-scale flow and trans-
port models (e.g., Wu et al. 1999a, 2002a). Numerical
models have played a crucial role in our understanding of
UZ fluid movement in assessing the effects of hydro-
geological, geochemical, and thermal conditions on
various aspects of the overall waste disposal system.
Whereas laboratory studies and field experiments, howev-
er necessary, are limited in space and time, numerical
modeling provides a powerful means by which to study
physical processes on the temporal and spatial scales
relevant to the understanding of the nuclear waste disposal
systems in a geological formation.

Site characterization studies of the unsaturated tuff at
the Nevada Test Site and at Yucca Mountain began in the
late 1970s and early 1980s. Those early hydrological,
geological, and geophysical investigations of Yucca
Mountain and its surrounding region were conducted to
assess the feasibility of the site as a geological repository
for storing high-level radioactive waste, and to provide
conceptual understanding of UZ flow processes (Montazer
and Wilson 1984). Soon after, as part of the continuing
site characterization, theoretical studies were deemed
necessary to quantitatively model unsaturated groundwa-
ter flow. The first numerical modeling effort was made in
the middle 1980s to simulate the natural state of the UZ
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underlying Yucca Mountain, using a two-dimensional site-
scale model (Rulon et al. 1986). This work was followed
by a number of other modeling efforts, focused on more
basic-level processes. Pollock (1986) developed a math-
ematical model for analyzing one-dimensional, vertical
transport of energy, water, and air in unsaturated alluvium.
Tsang and Pruess (1987) studied thermally induced
convection phenomena near a high-level nuclear waste
repository in partially saturated tuff, using a two-dimen-
sional model. Weeks (1987) reported a study of gas flow
in the Yucca Mountain UZ to explain air circulation as
observed from boreholes.

In the early 1990s, more progress was made in UZ
model development. Wittwer et al. (1992, 1995) devel-
oped a three-dimensional site-scale model that incorporat-
ed several geological and hydrological complexities, such
as geological layering, degree of welding, fault offsets,
and different matrix and fracture properties. The three-
dimensional model handled fracture-matrix flow using an
effective continuum method (ECM) and was applied to
evaluate assumptions concerning faults and infiltration
patterns.

Using the ECM concept, Ahlers et al. (1995a,b) con-
tinued development of the UZ site-scale model with
increased numerical and spatial resolution. Their studies
considered more processes, such as gas and heat flow
analyses, and introduced an inverse modeling approach
for estimating model-input properties. However, more
comprehensive UZ models were not developed until
several years later, when the UZ models were developed
for Total System Performance Assessment-Viability As-
sessment (TSPA-VA; e.g., Wu et al. 1999a,b; Bandurraga
and Bodvarsson 1999; Ahlers et al. 1999). Instead of the
ECM, the TSPA-VA model used a more rigorous dual-
permeability numerical approach for handling fracture-
matrix interaction and incorporated additional physical
processes such as perched-water occurrence.

The latest UZ models include those primarily devel-
oped for the TSPA site recommendation (SR) calculations
(e.g., Wu et al. 2002a; Moridis et al. 2003; Robinson et al.
2003). These TSPA-SR models have been enhanced from
the TSPA-VA model. More importantly, the newer models
have taken into account the coupled processes of flow and
transport in highly heterogeneous, unsaturated fractured
rock, and were applied to analyze the effect of current and
future climates on radionuclide transport through the UZ
system. The site-scale UZ flow and transport models
developed during the site characterization of Yucca Moun-
tain have built upon past research as well as the above-
referenced work and many other studies (e.g., McLaren
et al. 2000; Robinson et al. 1996, 1997; Viswanathan et al.
1998; Sonnenthal and Bodvarsson 1999; Liu et al. 2003a).
In general, model development, benefiting significantly
from extensive field and laboratory studies of the site, has
followed an iterative or trial-and-error approach (Wu et al.
2002a).

Despite the significant progress made in the site
characterization of the Yucca Mountain UZ over the last
two decades, there is still a general lack of comprehensive
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Fig. 1 a Location of Yucca
Mountain study site, USA,

b Plan view of the UZ model
domain, showing the model
boundary, the potential repos-
itory outline (in red), major
fault locations, the paths of the
ESF (Exploratory Studies
Facilities) and ECRB
(Enhanced Characterization of
Repository Block) tunnels,
and selected borehole
locations
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analyses or integrated studies related to the site. In
particular, little effort has been made to make use of all
available data from different types and sources in one study.
Previous investigations, for example, were focused primar-
ily on separate studies of moisture data (e.g., Wu et al.
1999a, 2002a), temperature data (e.g., Bodvarsson et al.
2003), pneumatic data (e.g., Ahlers et al. 1999), or chloride
data (e.g., Liu et al. 2003a). How to quantitatively analyze
percolation flux in the deep unsaturated zone such as
within the complicated unsaturated fracture-matrix system
of Yucca Mountain, remains a great challenge to in-
vestigators (e.g., Flint et al. 2002); percolation flux is
defined as total vertical-liquid mass flux through both
fractures and matrix, and is converted to millimeters per
year (mm/year) per unit area using a constant water
density. The main difficulties are (1) that unsaturated
percolation flux is too low to measure directly and (2)
flow paths are too complicated to identify in field studies.
To the best of the authors’ knowledge, no commonly
accepted approaches exist for directly measuring or
quantifying unsaturated percolation fluxes on the spatial
and temporal scales of interest to the Yucca Mountain
Project. In an attempt to overcome these difficulties, a
comprehensive, integrated modeling approach is pro-
posed, which incorporates everything measured at the
site, including hydrological, pneumatic, geochemical, and
thermal data, into an integrated numerical modeling
analysis, for the purpose of analyzing percolation patterns
and behavior.

This report presents an integrated modeling methodol-
ogy for characterizing percolation flux in unsaturated
fracture rock. In particular, a comprehensive modeling
effort is made to quantify moisture movement at the Yucca
Mountain site. The multiple processes under study include
moisture flow, natural geochemical or tracer transport, and
gas and heat flow. The modeling results of the multiple
processes, using the integrated modeling approach, pro-
vide a better understanding of percolation patterns and
flow behavior within the Yucca Mountain UZ under
different climates and hydrogeological conceptual models
of UZ flow. First, this present effort discusses integration
of different field-observed data, such as water potential,
liquid saturation, perched water, gas pressure, chloride,
and temperature logs, into one single three-dimensional
UZ flow and transport model. The combined model
calibration will provide a consistent cross-check or
verification of modeled percolation fluxes, as well as
better insight into UZ flow patterns. Second, using the
dual-permeability modeling approach, a more rigorous
method for modeling fracture-matrix interaction (Wu et al.
1999a), this integrated modeling effort provides consistent
model predictions for different but interrelated hydrolog-
ical, pneumatic, geochemical, and geothermal processes in
the UZ. Third, and most importantly, such an integrated
approach will improve the capability and credibility of
numerical models in characterizing flow and transport
processes in unsaturated fractured formation in general.

This work presents the authors’ continual efforts in
developing and applying the UZ flow and transport
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models in characterizing the UZ system of Yucca
Mountain. Specifically, this modeling study consists of
(1) a brief UZ model description; (2) model calibration
using pneumatic data, while calibrations using moisture
and geochemical data are reported by the Bechtel SAIC
Company in BSC (2004) and in Wu et al. (2004); (3)
simulated percolation pattern analysis; and (4) assessing
percolation patterns and flow behavior using thermal and
geochemical data.

Hydrogeological setting, physical process,
and conceptualization

The domain of the UZ model encompasses approximately
40 km? of the Yucca Mountain area, as shown in Fig. la
and b. The UZ is between 500 and 700 m thick and
overlies a relatively flat water table. The repository would
be located in the highly fractured Topopah Spring welded
tuff unit, more than 200 m above the water table (see
Fig. 2). Geologically, Yucca Mountain is a structurally
complex system of Tertiary volcanic rock. Subsurface
hydrological processes in the UZ occur in a heterogeneous
environment of layered, anisotropic, and fractured volca-
nic rocks (Scott and Bonk 1984). These volcanic
formations consist of alternating layers of welded and
nonwelded ash flow and air-fall tuffs. The primary
geological formations, beginning from the land surface
and progressing downward, are the Tiva Canyon, Yucca
Mountain, Pah Canyon, and the Topopah Spring tuffs of
the Paintbrush Group. Underlying these are the Calico
Hills Formation and the Prow Pass, Bullfrog, and Tram
tuffs of the Crater Flat Group (Buesch et al. 1995).

For hydrological investigations, the UZ geologic
formations have been categorized into hydrogeologic
units based primarily on their degree of welding (Montazer
and Wilson 1984). These units are classified as the Tiva
Canyon welded (TCw) hydrogeologic unit; the Paintbrush
Tuff nonwelded unit (PTn), consisting primarily of the
Yucca Mountain and Pah Canyon bedded tuffs; the
Topopah Spring welded (TSw) unit; the Calico Hills
nonwelded (CHn) unit; and the Crater Flat undifferentiat-
ed (CFu) unit. The hydrogeological units vary significant-
ly in thickness and sloping over the model domain

(Fig. 2).

Conceptual model of UZ flow

Over the past two decades, extensive scientific inves-
tigations have been conducted for the site characterization
of Yucca Mountain, including collecting data from surface
mapping, sampling from many deep and shallow bore-
holes, constructing underground tunnels, and conducting
field testing (e.g., Rousseau et al. 1998). Figure 2 presents
a typical geological profile along a vertical east-west
transect of borehole UZ-14 (Fig. 1b), illustrating a
conceptual model currently used to analyze UZ flow
patterns, as well as explaining the possible effects of faults
and perched water on the UZ system. As illustrated in
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Fig. 2 Schematic showing
the conceptualized flow pro-
cesses and effects of capillary
barriers, major faults, and
perched-water zones within a
typical east-west cross section
of the UZ flow model domain
(modified from Zhang et al.
2006)
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Fig. 2, the ground surface of the UZ is subject to spatially
and temporally varying infiltration pulses from precipita-
tion, which provide the water source for deep percolation
into the UZ. Surface infiltration pulses are expected to
move rapidly through the top, highly fractured TCw unit.
Once it enters the PTn, percolating water may be subject
to very different processes, because the PTn unit has very
different hydrogeologic properties from the TCw and TSw
units, which display the low porosity and intensive
fracturing typical of densely welded tuffs. With its high
porosity and low fracture intensity, the PTn matrix has a
large capacity for storing groundwater. As a result,
moisture imbibing into the relatively dry PTn matrix from
rapid fracture flow of the TCw may result in a more
uniform distribution of flux at the base of the PTn. In fact,
the PTn’s capability to attenuate episodic percolation
fluxes has been observed in field tests of water release
into the PTn matrix (Salve et al. 2003).

In addition, the possibility for capillary barriers exists at
both upper and lower PTn contacts, as well as within the
PTn layers (Montazer and Wilson 1984; Wu et al. 2002b),
because large contrasts in rock properties exist across the
interfaces of units and inner PTn layers. However, the
extent of lateral flow diversion within the PTn remains a
topic of debate. For example, a recent study using a
concept with transitional changes in rock properties argues
that lateral diversion may be small (Flint et al. 2003).

Perched water

Perched water has been encountered in a number of
boreholes at Yucca Mountain, including UZ-14, SD-7,
SD-9, SD-12, NRG-7a, G-2, and WT-24 (Fig. 1b). These
perched-water locations are found to be associated with
low-permeability zeolites in the CHn or the densely
welded basal vitrophyre of the TSw unit, below the
repository horizon. Perched water is another important
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mechanism impacting flow paths in the UZ units below
the repository horizon.

Perched water may occur where percolation flux
exceeds the capacity of the geological media to transmit
vertical flux in the UZ (Rousseau et al. 1998). Several
conceptual models for perched water have been investi-
gated for explaining the genesis of perched water at Yucca
Mountain (e.g., Wu et al. 1999b, 2002a). The permeabil-
ity-barrier conceptual model, for one example, has been
used in UZ flow modeling studies since 1996 (Wu et al.
1999b, 2002a). In this conceptual model, both vertical and
lateral water movement in the vicinity of the perched
zones is considered to be controlled mainly by localized
fracture and matrix permeability distributions. The main
assumptions of the permeability-barrier conceptual model
are that: (1) there are few large, vertically connected,
potentially fluid-conducting fractures transecting the un-
derlying low-permeability units; (2) both vertical and
horizontal permeabilities within and below perched-water
zones are small compared to permeabilities outside
perching zones; and (3) sufficient percolation flux
(>1 mm/year) exists locally.

Faults

In addition to possible capillary and permeability barriers,
major faults in the UZ are also expected to play an
important role in controlling percolation flux. Permeability
within faults is much higher than that in the surrounding
tuff (Montazer and Wilson 1984). Pneumatic permeability
measurements taken along portions of faults have revealed
low air-entry pressures, indicating that large fracture
apertures are present in the fault zones. High permeability
fault zones with large pore space may act as vertical
capillary barriers to lateral flow. Once water is diverted
into a fault zone, however, its high permeability could
facilitate rapid downward flow along faults through the
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unsaturated system (Wang and Narasimhan 1987; Wu et
al. 2002a). In this modeling study, major faults are treated
as intensively fractured zones.

Heterogeneity
A considerable amount of field data obtained from tens of
boreholes, two underground tunnels, and hundreds of
outcrop samples at the site, constrains the distribution
of rock properties within different units. In general, field
data indicate that the Yucca Mountain formation is more
heterogeneous vertically than horizontally, such that
layer-wise representations are found to provide reasonable
approximations of the complex geological system. Many
model calibration results using this approximation are
able to match different types of observation data obtained
from different locations and depths (e.g., Bandurraga and
Bodvarsson 1999; Ahlers et al. 1999; Wu et al. 2002a).
In summary, as shown in Fig. 2, the key conceptual-
izations and assumptions made in this study for construct-
ing the hydrogeological model to analyze UZ flow
patterns are as follows:

— Ambient water flow in the UZ system is at a quasi-
steady state condition, subject to spatially varying net
infiltration on the ground surface

— Hydrogeological units/layers are internally homoge-
neous, unless interrupted by faults or altered

— There may exist capillary barriers in the PTn unit,
causing lateral flow

— Perched water results from permeability barrier effects

— Major faults serve as fast downward flow pathways for
laterally diverted flow

Numerical modeling approach and model description

This section describes the modeling approach in the UZ
model for handling fracture-matrix interaction, the numer-
ical scheme and codes, numerical model grids, input
parameters, and boundary conditions used in this work.

Modeling fracture-matrix interaction

Modeling fracture and matrix flow and interaction under
multiphase, multicomponent, isothermal, or nonisothermal
conditions has been a key issue for simulating fluid and
heat flow in the Yucca Mountain UZ. Different modeling
approaches have been tested for handling fracture-matrix
interaction at Yucca Mountain (Doughty 1999). The dual-
continuum, specifically the dual-permeability concept, has
been used as the main modeling approach for modeling
flow and transport in the Yucca Mountain UZ (e.g., Wu
et al. 1999a), because it is able to simulate transient
matrix-fracture interaction and account for global flow
through matrix blocks, which is considered important
under low percolation flux.
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The technique used in this work for handling multi-
phase flow, tracer transport, and heat transfer through
fractured rock is based primarily on the dual-permeability
concept. It considers global flow and transport occurring
not only between fractures but also between matrix
gridblocks. In this approach, one rock-volume domain is
represented by two overlapping (yet interacting) fracture
and matrix continua. The fracture-matrix fluid flow is
evaluated using the same quasi-steady-state approximation
as in the double-porosity model (Warren and Root 1963),
which has also been extended in this work to estimate
local mass and energy exchange terms between fracture
and matrix systems (Pruess and Narasimhan 1985). When
applied in this work, the traditional dual-permeability
concept is first modified by using an active fracture model
(Liu et al. 1998) to represent fingering effects of flow
through fractures. Secondly, the dual-permeability model
is not used for all formation units or model domains. For
example, vitric units in the CHn are handled as
unfractured, single-porosity matrix only, and additional
global fracture-matrix connections at boundaries of vitric
units and at the TCw-PTn and PTn-TSw interfaces are
considered to provide physical transitions for fracture-
matrix flow across these units or domain boundaries.
Therefore, the modeling approach is actually a physically
based, hybrid dual-permeability model with a combina-
tion of dual-continuum and single-porosity medium
approximations.

Numerical formulation and codes

In the dual-continuum approach, fluid flow, chemical
transport, and heat transfer processes in an air-water,
two-phase system of fractured rock are described sepa-
rately, using a doublet of governing equations for the two
fracture and matrix continua, respectively. This conceptu-
alization results in a set of partial differential equations for
mass and energy conservation in either continuum, which
are in the same form as those for a single porous medium.
In this work, the multiphase flow system consists of two
phases: gas (air) and water, and three mass components:
air, water, and tracer. Both coupled two-phase fluid and
heat flow formulation and Richards’ equation (Richards
1931) are used.

Model calibration and simulation of this study were
carried out using the TOUGH2 and T2R3D codes (Pruess
1991; Wu and Pruess 2000). In these two TOUGH2-
family codes, the integral finite-difference scheme is used
for spatial discretization, and the time discretization is
carried out with a backward, first-order, finite-difference
scheme. The resulting discrete nonlinear algebraic equa-
tions for describing mass (or component) and/or energy
conservation are written in a residual form and solved
using the fully implicit Newton/Raphson iteration with an
iterative linear solver. At each time step, iteration
continues until convergence is reached for a given time,
when the residual at every gridblock is decreased to a
preset convergence tolerance.
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Numerical model grids

There are two three-dimensional numerical model grids
used in this study, as shown in plan view in Fig. 3a and b.
The two three-dimensional UZ model grids were generat-
ed with a grid maker (Pan et al. 2000), using an irregular,
unstructured, three-dimensional control-volume spatial
discretization. The first numerical grid (Fig. 3a) is called
the UZ flow model grid because it is primarily designed
for model calibrations and investigations of UZ flow and
transport. This three-dimensional model grid uses a
refined mesh in the vicinity of the proposed repository,
located near the center of the model domain and covering
the region from Solitario Canyon to Ghost Dance faults,
from west to east and north to beyond Pagany Wash fault.
Shown in its plan view in Fig. 3b is the second three-
dimensional model grid, covering a smaller model
domain, called the thermal model grid, which is used for
gas flow and ambient heat-flow modeling. Also shown in
Fig. 3a and b are the locations of a number of boreholes
incorporated into model calibrations and analyses. In both
model grids, faults are represented in the model by vertical
or steeply inclined 30-m-wide zones.

In Fig. 3a and b, each gridblock in the x-y plane
represents a vertical column defined in the three-dimen-
sional grid. The three-dimensional flow model grid has
about 2,042 mesh columns of both fracture and matrix
continua along a horizontal grid layer (Fig. 3a), and 50
computational grid layers in the vertical direction, result-
ing in 250,000 gridblocks and 1,000,000 connections in a
dual-permeability grid. This three-dimensional flow grid is
relatively large and requires extensive computational
effort for simulation of coupled two-phase flow and heat
transfer. This is why the second, relatively smaller grid
was designed, the three-dimensional thermal grid
(Fig. 3b). As shown in the plan view of Fig. 3b, the
thermal model grid domain covers approximately 20 km

of the area. The thermal model grid of Fig. 3b consists of
980 mesh columns of fracture and matrix continua, 86,440
gridblocks, and 350,000 connections in a dual-permeabil-
ity grid. Vertically, the thermal grid has an average of 45
computational grid layers.

Model input parameters

Since Richards’ and two-active-phase flow equations are
used in modeling unsaturated flow of water and air
through fracture and matrix, relative permeability and
capillary pressure curves are needed for the two media. In
addition, other intrinsic fracture and matrix properties are
also needed such as porosity, permeability, density, and
fracture geometric parameters, as well as rock thermal
properties. In this modeling study, the van Genuchten
models of relative permeability and capillary pressure
functions (van Genuchten 1980) are selected to describe
variably saturated flow in both fracture and matrix media.
The basic input rock and fluid-flow parameters used for
each model layer or hydrogeological subunit (BSC 2004)
include (1) fracture properties (frequency, spacing, per-
meability, van Genuchten « and m parameters, porosity,
fracture-matrix interface area, and residual saturation);
(2) matrix properties (porosity, permeability, the van
Genuchten o and m parameters, and residual saturation);
(3) thermal and transport properties (grain density, wet and
dry thermal conductivity, grain specific heat, and diffusion
and tortuosity coefficients); and (4) fault properties for
each of the major hydrogeologic units.

The model input parameters for fractured and matrix
rock were determined by two steps: (1) using field and
laboratory measurements (BSC 2003a) and one-dimen-
sional model inversion results (BSC 2003b) as an initial
guess, and (2) conducting a three-dimensional model
forward calibration, as discussed in the next section.

Fig. 3 a Plan view of the a b
three-dimensional UZ flow C B
model grid, showing the mod- - - ) & Reposttory Block
el domain, faults incorporated, 238000 [~ B { s.?;& q
repository layout, and several i 236000 - ] 4
borehole locations (modified i B = 438
from BSC 2004). b Plan view £ i A z i B 2
. . 7 e 7
of the three-d}mensmr}al ther- < 536000 S £ 285000 AN Ty
mal model grid showing a @ 5 2 (7 B g :
smaller model domain, used < - o ”’% =2 i ;;-5 SNRGT4
for modeling gas and heat flow 2 B LZ:14 % 2 234000 - ~5SD9e
< i ] e N oH: SENRGS
5 234000 = 5 < £ - s 3 3
5 - s S '
o R )5 = 8 233000 5
(8] N S g o B o =
= {9 5 - 2 ]
@© T3 2 © S 3
B L NG e k [ SHAGS
e S - - —
> 232000 & g S 232000 AP 3
(2] - (] - ® =
2 B Z B UZ:7a YXE
B B _ 1 /spi7e =
L ESF 231000 |- Y
230000 - n
L =
il T [N T T T N ™, , 1 , , , , | , , , ,
168000 170000 172000 174000 230000 170000 172000 174000
Nevada Coordinate E-W (m) Nevada Coordinate E-W (m)

Hydrogeology Journal

DOI 10.1007/s10040-006-0105-5



Adopting a hybrid, dual-permeability approach, all the
geological units, including fault zones, are treated as
fracture-matrix systems (except for vitric zones, which are
treated as single-porosity media).

Model infiltration boundary conditions

The ground surface of the mountain (or the tuff-alluvium
contact in the area of significant alluvial cover) is taken as
the top model boundary, while the water table is treated as
the bottom model boundary. For flow simulations, net
infiltration is applied to fractures along the top boundary
using a source term. The bottom boundary at the water
table is treated as a Dirichlet-type boundary. All the lateral
boundaries, as shown in Figs. 1 and 3a and b, are treated
as no-flow (laterally closed) boundaries. No-flow bound-
aries should have only a small effect on moisture flow and
radionuclide transport within or near the repository area
(which is the focus of the current study), because these
lateral boundaries are either far away from the repository
or separated by vertical faults.

Net infiltration of water, resulting from precipitation
that penetrates the topsoil layer of the mountain, is the
most important factor affecting the overall hydrological,
geochemical, and thermal-hydrological behavior of the
UZ. Net infiltration is the ultimate source of groundwater
recharge and deep-zone percolation through the UZ, and
provides a vehicle for transporting radionuclides from the
repository to the water table. To cover the various possible
scenarios and uncertainties of current and future climates
at Yucca Mountain, a total of nine net infiltration maps,
provided by the US Geological Survey (USGS) scientists
(BSC 2000a,b), have been incorporated into the model.
These infiltration maps include present-day (modern),
monsoon, and glacial transition-three climatic scenarios,
each of which consists of lower-bound, mean, and upper-
bound rates, as summarized in Table 1, for average rate
values over the flow model domain.

As shown in Table 1, the average rate for present-day,
mean infiltration with the flow model grid (Fig. 3a) is
4.4 mm/year distributed over the flow model domain,
which is considered as a base-case infiltration scenario. By
comparison, the thermal model grid has an average net
infiltration rate of 3.6 mm/year distributed over the smaller
domain (Fig. 3b) for the present-day mean infiltration
case. Note that only the present-day mean infiltration
scenario is used with the thermal grid for gas flow and
ambient thermal studies; using lower- and upper-bound
infiltration values in flow modeling is intended to cover
possible higher or lower rates. The two future Yucca

Table 1 Climate scenarios and infiltration rates (mm/year) aver-
aged over the flow model domain

Climate Lower-bound  Mean Upper-bound
scenario infiltration infiltration  infiltration
Present-day/modern 1.3 4.4 10.7
Monsoon 4.4 11.8 19.2

Glacial transition 2.4 17.0 31.7
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Mountain climatic scenarios, the monsoon and glacial
transition periods, are used to account for possible higher
precipitation and infiltration conditions in the future. A
plan view of the spatial distribution of the present-day
mean infiltration map, as interpolated onto the flow model
grid, is shown in Fig. 4. The figure shows patterns of flux
distributions with higher infiltration rates in the northern
part of the model domain and from south to north along
the mountain ridge east of the Solitario Canyon fault.

Model calibration

The complexities of the heterogeneous geological forma-
tion and coupled UZ flow and transport processes at the
Yucca Mountain UZ have posed serious challenges to
numerical modeling investigations. For example, past
modeling experiences have shown that one cannot simply
input field- and laboratory-measured parameters or one-
dimensional model inverted properties directly into three-
dimensional models and expect reasonable simulation
results. This is because of the many uncertainties and
significant differences in these input parameters with
respect to their spatial and temporal scales between
measurements and model spatial representations. Without
further calibration, those parameters observed or deter-
mined on one spatial scale are in general inappropriate for
use at another spatial scale. In general, a proper model
approximation of the actual physical system requires
model calibration on the same model scale, from
conceptual models to model parameters, as well as an
accurate description of the physical processes involved.
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Fig. 4 Plan view of net infiltration distributed over the three-

dimensional UZ flow model grid for the present-day (base-case)
mean infiltration scenario (modified from Wu et al. 2004)
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The model calibrations for this work rely on field-
measured matrix-liquid saturation, water potential, perched-
water, and pneumatic data. Liu et al. (2003b) provide basic
input parameters for fracture and matrix rock for starting
modeling efforts in this study. However, these properties
were estimated through a series of one-dimensional model
inversions in which lateral diversion, perched-water, and
capillary barrier effects cannot be modeled. Use of a three-
dimensional model allows further parameter adjustment to
better match field observation data and avoid unphysical
solutions. Among the various types of available data used
in UZ model development, the moisture data related to
matrix-liquid saturation and water potentials, measured
from core samples or from in situ instruments, have been
perhaps the most important data sources. Moisture data
have been used to estimate model parameters since early
model calibration efforts (e.g., Ahlers et al. 1995a,b) and
provide a basis for current estimation of permeability and
van Genuchten parameters, both for one-dimensional
inverse modeling (BSC 2003b) and three-dimensional
calibration (BSC 2004; Wu et al. 2004).

Table 2 summarizes field-measured data used in model
calibration, as observed from 14 boreholes and one
underground tunnel (ECRB). These data include moisture
data (matrix liquid saturation, matrix water potentials, and
perched-water elevations), and borehole pneumatic or gas
pressure measurements.

A series of three-dimensional model calibrations have
been carried out to estimate model-scale related parameters.
The adjusted parameters include fracture-matrix properties
of the top TSw layer, the entire PTn unit, and perched-water
zones, as well as fracture permeabilities in the upper TSw
layers. The three-dimensional model calibration efforts
were performed in a series of forward three-dimensional
simulations, starting with the three sets of one-dimensional
model calibrated parameters corresponding to three rates

Table 2 The field-measured data used in model calibration, includ-
ing moisture data (matrix liquid saturation, matrix water potentials,
and perched-water elevations), and pneumatic data, as observed
from 14 boreholes and one underground tunnel of the Enhanced
Characterization of Repository Block (ECRB)

Perched
water

Gas
pressure

Water
potential

G-2 X
NRG#5
NRG-6
NRG-7a
SD-6
SD-7
SD-9
SD-12
Uz-1
UZ#4
UZ-7a
Uz-14
UZ#16
WT-24
ECRB

Borehole
or tunnel

Liquid
saturation

ekt alolal
XK X
XX X X

ekl
ol
>

Hydrogeology Journal

of lower bounds, means and upper bounds of infiltration
(Liu et al. 2003b). Then, model results were compared
with field-observed data for matrix liquid, water potential,
perched-water elevations, and gas-pressure measurements.

Characterizing moisture movement is the essential
issue at Yucca Mountain. Here, the results from the flow
modeling are summarized briefly , while more discussions
on flow model calibrations against measured moisture data
are given in Wu et al. (2004). Field data for measured
matrix-liquid saturation, water-potential data, and
perched-water elevations are compared against three-
dimensional model results using the three present-day
infiltration maps. Matrix-liquid saturation, water-potential,
and perched-water data used for these comparisons were
taken from eleven boreholes (Table 2; Fig. 1b). In general,
the simulation results from the calibrated three-dimen-
sional model are in good or reasonable agreement with the
measured saturation and water-potential profiles, as well
as with perched-water data from all measuring boreholes.

Comparison with pneumatic data Calibration of the three-
dimensional UZ model to pneumatic data or gas flow
provides a practical method of estimating large-scale
fracture permeability within the three-dimensional UZ
system (Ahlers et al. 1999). The three-dimensional
pneumatic simulation was run using a two-phase liquid
and gas flow module of the TOUGH2 code (Pruess 1991).
Note that because of the low percolation flux at the site,
moisture data are found to be insensitive to fracture
properties under ambient infiltration conditions and are
insufficient for estimating fracture permeability. In addi-
tion, a UZ flow model capable of modeling gas flow is
particularly important for studies of thermal loading, air
circulation, and transport of gaseous-phase radionuclides
after waste emplacement in the Yucca Mountain UZ.

Gas flow calibration is carried out under a steady-state
water-flow condition with the present-day mean infiltra-
tion scenario and by matching field-measured pneumatic
data from five boreholes of Table 2. In doing so, fracture
permeability needs to be modified from values estimated
by the one-dimensional inverse model for a number of
three-dimensional model layers. In these calibrations, the
gas flow model uses the UZ thermal model grid (Fig. 3b),
with similar boundary conditions as those in the flow
model for infiltration and temperature prescribed on the
ground surface and water table. Additional pneumatic
boundary conditions are needed on the land-surface
boundary for the gas phase, specifically as the time-
dependent gas-pressure conditions, based on measured
atmospheric barometric pressure data at the site. Since gas
flow is a much more rapid process than liquid or heat flow
in the UZ, water flow during pneumatic calibration is
assumed to be at steady-state conditions, determined by
steady-state flow-simulation results under the present-day
mean infiltration scenario.

To capture the details of periodic gas-pressure varia-
tions for ridge and valley values, the maximum time step
is set to be 13,000 s in the three-dimensional model
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simulation. The results of these gas-flow simulations are
then compared with field-measured pneumatic data from
several boreholes simultaneously, to examine the results
from the one-dimensional models (Liu et al. 2003b). The
model calibration results indicated that modification of
fractured rock properties, as estimated by one-dimensional
inversion in the TSw layers, is necessary for matching
field-observed gas pressures. In particular, it was found
necessary to reduce the fracture permeability of the
subunits within the TSw by a factor of 15, as well as for
the PTn units by a factor from 1.8 to 21. In the top unit of
the TCw, however, no adjustment in fracture permeability
from the one-dimensional model inversions is made. This
is because one-dimensional flow appears to provide a
good approximation for gas flow through the top shallow
TCw unit. Figure 5 shows a comparison between the
observed gas-pressure versus simulation results, in which
the curve labeled ‘“noncalibrated” is plotted using the
simulations with the one-dimensional model estimated
fracture properties and “calibrated” using the three-
dimensional model results, with TSw subunit fracture
permeability reduced by a factor of 15. As shown in
Fig. 5, three-dimensional model calibrated results signif-
icantly improve the model match of the observed gas-
pressure data, whereas the simulations with noncalibrated
or one-dimensional model fracture permeability over-
estimates gas pressure responses at the corresponding
elevation.

Comparison of model simulation results and field-
measured pneumatic data for borehole UZ-7a is shown in
Fig. 6. The lower fracture permeability needed for the
three-dimensional model may be attributed to the original
fracture permeability being estimated from inversion of
one-dimensional models, allowing for one-dimensional
vertical flow paths only. In a three-dimensional model,
some high-gas-flux channels may exist such as through
faults or highly fractured zones, and three-dimensional gas

Fig. 5 Comparison of simu-
lated and observed gas pres-

flow is able to find and follow these high-permeability
pathways with the least flow resistance. This also shows
why three-dimensional model calibration is necessary for
UZ model development.

Many comparisons between model-simulated pressures
and field measurements have been made with and without
fracture-permeability modifications, and the results show
that the calibrated three-dimensional model has improved
the match of the observation data for all pneumatic data
boreholes. Overall, a reduction by a factor of 15 for the
TSw fracture permeability, as estimated from moisture and
geochemical data, provides a better fit to observed
pneumatic data for all locations and all time periods. The
good match in Fig. 6 indicates that after calibration,
simulated gas pressures and their patterns of variations are
consistent with observed values.

In addition to the model calibration efforts discussed in
this section, many model verification studies have been
carried out using moisture, pneumatic, temperature, field
water injection and tracer-release testing, and geochemical
data (BSC 2004; Wu et al. 2004). These verification data
have also been observed from boreholes and underground
tunnels, but have not been used for model calibration with
the base-case present-day infiltration flow scenario. In
these verification cases, the UZ flow model results have
been shown to be in agreement or consistent with the field
data of moisture, temperature, pneumatics, and geochem-
ical isotopes.

Flow patterns and analyses

The primary objective of modeling UZ flow at Yucca
Mountain is to estimate percolation flux through the UZ
system. This is because percolation is the most critical
factor in assessing overall repository performance under
current and future climates. However, in situ percolation
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Fig. 6 Comparison of simu-

lated and observed gas pres- 92.0
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fluxes of unsaturated flow at the site are in general too low
to measure directly. Therefore, indirect data and model
results are needed to estimate these flux values and their
distributions. Even with the considerable progress made
so far in characterizing the Yucca Mountain UZ through
intensive geological, hydrological, and chemical studies,
accurate estimates of percolation flux within the UZ
remain a scientific challenge.

Past studies (e.g., Wu et al. 2002a) have shown that it
is very difficult even to quantify the range of percolation
fluxes by using hydrological data alone. Percolation
patterns inside the UZ strongly depend on infiltration
rates and their spatial distribution, among other factors.
Therefore, over the past two decades, significant research
has been devoted to estimating infiltration rates using
different methods and data sources (e.g., Flint et al. 1996,
2002; Hevesi and Flint 2000; Bodvarsson et al. 2003).
From these studies, the best estimates of present-day mean
infiltration rates across the study area are in the range of
several millimeters per year over the model domain. To
further assess simulated UZ percolation fluxes for their
relevance and reasonableness, this section presents perco-
lation fluxes simulated by the calibrated three-dimensional
UZ flow model and examines these percolation fluxes and
their patterns using field-measured temperature and pore-
water chloride data.
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Simulated percolation fluxes

As listed in Table 3, a total of 18 three-dimensional
steady-state flow simulation scenarios are studied and
used for analyzing percolation fluxes in this work. The
18 three-dimensional flow simulations are decided by 9
(nine infiltration maps, see Table 1) multiplied by 2
(two sets of fracture-matrix parameters, one base-case
and one alternative, each set having three different
subsets of fracture and matrix properties). The classifi-
cation of base-case and alternative parameters is based
on model calibration results from the two different
property sets for the PTn unit, because the base-case
(or first-set) parameter models provide a better overall
match to field data than the alternative properties (BSC
2004; Wu et al. 2004). Note that the only difference
between the base-case and alternative (or second-set)
scenarios is the implementation of two different PTn
parameter sets of fracture and properties or conceptual
models of lateral flow. The objectives of investigating a
large number of three-dimensional flow scenarios are to
(1) cover various uncertainties and possibilities related
to the UZ flow patterns, and (2) investigate the effects
of uncertainties with estimated infiltration rates and
model parameters on simulated percolation fluxes,
under current and future climates and different concep-
tual models.
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Table 3 Nine base-case and nine alternative simulation scenarios
associated with parameter sets and infiltration maps

Designation/simulation® Infiltration rate/climate scenario

Base-case” Alternative”

preq 1A preq 1B Present-day, lower-bound
infiltration

preq_mA preq_mB Present-day, mean infiltration

preq uA preq uB Present-day, upper-bound
infiltration

monq_lA monq_1B Monsoon, lower-bound
infiltration

mong_mA monq_mB Monsoon, mean infiltration

monq uA monq uB Monsoon, upper-bound
infiltration

glaq 1A glaq 1B Glacial transition, lower-bound
infiltration

glag mA glag mB Glacial transition, mean
infiltration

glaq uA glaq uB Glacial transition, upper-bound
infiltration

% A base-case; B alternative flow scenarios; 1 lower bounds of infil-
tration rates for each climate scenario; m mean bounds of
infiltration rates for each climate scenario; u upper bounds of
infiltration rates for each climate scenario

°The base-case simulations are based on the base-case parameter
sets, while the alternative simulations are done using the
alternative parameter sets

Percolation patterns at repository

Percolation fluxes at the repository horizon, as predicted
using the 18 three-dimensional UZ flow simulation results
of Table 3, are used for insight into percolation patterns.
Figures 7 and 8 present two examples of percolation

vertical flux for preq_mA at repository layer
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Fig. 7 Simulated percolation fluxes at the repository horizon,
using the present-day mean infiltration scenario, base-case model
results (preq_mA; modified from Wu et al. 2004)
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Fig. 8 Simulated percolation fluxes at the repository horizon,
using the present-day mean infiltration scenario, alternative model
results (preq_mB)

fluxes simulated at the repository level for the present-day
climate (Fig. 4) by the base-case and alternative models,
respectively. A comparison of the calculated repository
percolation fluxes (Figs. 7 and 8) with the surface
infiltration map (Fig. 4) indicates that percolation fluxes
at the proposed repository are different from surface
infiltration patterns.

The major difference between percolation fluxes at the
repository level (as shown in Fig. 7) and surface
infiltration patterns (Fig. 4) are: (1) flow focusing into
faults in the very northern part of the model domain (with
the north coordinate >237,000 m); (2) flow diverted into
or near faults located in the middle and southern model
domain; and (3) the high-infiltration zones from north to
south along the crest shifting about several hundred
meters to the east, as illustrated by the “lateral flow scale”
on Fig. 7. Note that flow redistribution or focusing in the
very northern part of the model domain (beyond the
repository block) results from the repository grid-layer
horizon laterally intersecting the CHn zeolitic and
perched-water zones, where major flow paths are through
faults. On the other hand, the simulation results with the
alternative flow model (Fig. 8) shows a high flux
distribution, a distribution very similar to that shown on
infiltration maps (Fig. 4) in the middle (except for the very
northern part) of the model domain along the north-south
mountain crest. Thus, judging from the alternative model
results, smaller lateral flow occurs in the PTn in the area
above the repository.

Further examination of all simulated fluxes at the
repository level from different surface infiltration scenar-
ios indicates that the lower the infiltration rates, the larger
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the lateral flow scales. This is because the lower
infiltration results in “drier” conditions and stronger
contrasts in capillary forces (Wu et al. 2002b). In
comparison, the simulation results with the nine alterna-
tive flow fields show relatively small PTn lateral flow in
the area above the repository.

Percolation fluxes within the repository footprint can
be further analyzed using a frequency distribution that
displays the average percentage of the repository area
subject to a particular percolation rate. In this analysis,
percolation rates are normalized with respect to the
average infiltration rate for the climate scenario. For
example, the flux rates are normalized by 4.4, 11.8, and
17.0 mm/year (Table 1), respectively, for the three mean
infiltration scenarios. The statistics of flux distributions is
important to smaller-scale modeling studies of flow and
transport and flow-focusing phenomena throughout the
UZ. Furthermore, the frequency distribution of normalized
percolation fluxes within the repository horizon from the
18 simulated flow-field analyses can be used to define a
cumulative flux-frequency distribution, as shown in Fig. 9,
displaying a regression curve that incorporates the 18 flow
fields. The cumulative frequency of Fig. 9 can be used, for
example, in selecting ambient flow-boundary conditions
for smaller-scale modeling. The regression curve, with the
equation given on the figure, may be used to correlate
cumulative flux frequency within the repository with net
infiltration rates for any future climatic scenarios. For
example, using the equation with x=1, 2, and 5 gives
results of 60, 88, and 99%, respectively. This indicates
that 60, 88, and 99% of the repository blocks are subject
to less than normalized fluxes of 1, 2, and 5, respectively.

Fig. 9 Cumulative flux dis-
tribution and range (as func-
tions of normalized
percolation flux within the

y=0.0117xC - 0.3872%" + 4.9349x° - 30.329%° + 89.9x - 3.6325

Percolation patterns below repository

Percolation fluxes below the repository horizon play a
critical role in controlling the migration of radioactive
waste from the repository to the water table. Figure 10
shows an example of the simulated percolation fluxes at
the water table, using the base-case model flow simulation
with the present-day mean infiltration scenario. When
compared to percolation fluxes at the repository for the
different model results and infiltration scenarios, percola-
tion fluxes at the water table reveal more flow focusing
into faults while traveling through the CHn unit. This is
caused by the impact of perched water and low-perme-
ability zeolitic units on flow paths through these lower
units. Similar flux distributions and patterns at the water
table are also seen for both base-case and alternative
model flow fields under different climates, as compared
with Fig. 10, which is primarily caused by strong effects
of faults, zeolites, and perched-water zones in the CHn.
These results show the PTn conceptual model makes
insignificant impact on flow below the repository or
through the CHn unit.

In addition to looking at flow simulation results for
insight into flux patterns below the repository or at the
water table, locations or areas where radionuclides are
most likely to break through at the water table, or high-
flux flow paths across the CHn, can also be identified
using tracer-transport-simulation results. To assess tracer
transport from the repository to the water table, two types
of tracer were used in this study, conservative (non-
adsorbing) and reactive (adsorbing). An initial, constant-
source concentration was specified for the fracture
continuum gridblocks representing the repository, released
at the starting time of simulation. In addition, hydrody-
namic/mechanical dispersion through the fracture-matrix
system is ignored, because sensitivity studies have
indicated that mechanical dispersion has an insignificant
Flux distribution o glag_IA
= glag_mA

glag_uA

repository) from the 18 flow 100
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X mong_IA
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Fig. 10 Simulated percolation fluxes at the water table, using the
present-day mean infiltration scenario of the base-case model results

(preq_mA)

effect (Wu et al. 2002a). A constant molecular diffusion
coefficient of 3.2x107"" m?/s is used for the conservative
component, and 1.6x107'° m?/s is selected for the reactive
component (the two values are measurements for techne-
tium and neptunium diffusion). For the conservative
tracer, K4=0 cc/g (distribution coefficient, cubic centime-
ter/gram), and for the reactive tracer, Kq=4 cc/g for
zeolitic matrix, K4=1 cc/g for other matrix rock in TSw
and CHn units, and K4=0 cc/g for all fractures and other
units.

Tracer transport modeling was conducted with the
T2R3D code (Wu and Pruess 2000) using the same flow
model grid (Fig. 3a) and the dual-permeability approach
for fracture-matrix interaction. In the transport simulation,
the isothermal, unsaturated, steady-state flow fields of
Table 3 were used as direct input to the T2R3D.

Figures 11 and 12 show cumulative and normalized
mass-arrival contours at the water table at 1,000 years for
the conservative and reactive tracers, respectively. The
cumulative and normalized mass arrival is defined as
cumulative mass that arrives at each grid column (or
block) of the water table over time, normalized by the
total initial mass released at the entire repository. The two
figures present examples of breakthrough over the water
table for conservative and reactive tracers under the
present-day mean infiltration rate (preq mA). The two
figures clearly indicate a significant difference between the
two tracer-modeling results in distributions of tracer mass
arrivals along the water table. Figure 11 shows that
without adsorption, in 1,000 years, the conservative tracer
has a much larger breakthrough area, covering the entire
area directly below the repository footprint, spreading to

Hydrogeology Journal

238000

236000

234000

Solitari, Chal

Normalized mass
arrival (%)

6.000E-01
3.461E-01
1.997E-01
1.152E-01
6.645E-02
3.834E-02
2.212E-02
1.276E-02
7.360E-03
4.246E-03
2.449E-03
1.413E-03
8.152E-04

4.703E-04
2.713E-04
1.565E-04
9.029E-05
5.209E-05
3.005E-05
1.733E-05
1.000E-05

232000

Nevada Coordinate N-S (m)

230000

N BT I
168000 170000 172000 174000
Nevada Coordinate E-W (m)

Fig. 11 Simulated cumulative, normalized mass-arrival contours
of a conservative tracer at the water table after 1,000 years,
identifying potential breakthrough areas, using the present-day
mean infiltration scenario of the base-case model

the east in the north. At this time, about 40% of the total
initial mass of conservative tracers has arrived at the water
table. At the same time, only about 2% of the reactive
tracer breaks through, and only along and near the major
faults (Fig. 12), owing to adsorption effects in the rock
matrix. Similarly, breakthrough areas can be identified in
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Fig. 12 Simulated cumulative, normalized mass-arrival contours
of a reactive tracer at the water table after 1,000 years, identifying
potential breakthrough areas, using the present-day mean infiltration
scenario of the base-case model
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different grid layers at different times, which indicate
tracer transport paths or flow pathways below the
repository.

Flow pattern analyses

Simulated percolation fluxes, as discussed above, are
model results only. Their accuracy and relevance for
representing actual UZ percolation needs further exami-
nation. This section presents a quantitative evaluation of
such simulated percolation fluxes estimated from the
large-scale three-dimensional UZ flow model. In particu-
lar, borehole temperature logs and pore-water chloride
data are used to assess percolation patterns. This is
because these two types of data are found to be more
sensitive to deep percolation than other types of data
collected from the site.

Examination using borehole temperature data

The site-scale UZ modeling investigations have relied on
an ambient thermal model to simulate large-scale heat
flow and geothermal conditions in the Yucca Mountain
UZ (Wu et al. 1999a). In general, the thermal model
represents ambient geothermal and moisture conditions,
which in turn represents initial and boundary conditions
for the mountain-scale thermal-hydrological, thermal-
hydrological-chemical, and thermal-hydrological-mechan-
ical coupled-process models (BSC 2004). A recent study
(Bodvarsson et al. 2003) shows that borehole temperature
data are very useful in estimating percolation flux values
in the UZ and provide an independent examination of the
ranges for estimated surface net infiltration rates and
simulated percolation fluxes.

In this study, heat flow simulations use a three-
dimensional thermal model grid (Fig. 3b), base-case UZ
model parameters, and present-day mean infiltration rate
to simulate advective and conductive steady-state heat-
transfer processes within the UZ. The main objective here
is to analyze the average present-day infiltration rate. To
account for variation in average atmospheric temperature
along the mountain surface, measured mean surface
temperatures and a linear equation are used to correlate
surface temperature with elevation, thus describing initial
surface temperature conditions (Wu et al. 1999a). Tem-
perature distributions at the bottom boundary of the
thermal model are taken from deep-borehole-measured
temperature profiles (Sass et al. 1988) for an initial guess
of the water-table-boundary temperature contours. Then,
initially estimated ground surface and water table temper-
atures are further calibrated by comparing model results
with field temperature measurements.

Under steady-state conditions, temperature profiles or
geothermal gradients within the UZ are controlled by
regional geothermal and weather conditions. In addition,
these profiles and gradients are also related to formation
thermal conductivity, net infiltration rates, and deep
percolation fluxes. In thermal calculations, the surface
net infiltration rate is fixed, based on the US Geological
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Survey estimates (Table 1), and the temperatures from the
initially specified values along the top boundary are
slightly adjusted. These adjustments result in a better
match with observed borehole data. The rationale behind
the adjustment is, first, that insufficient temperature data
were collected along the UZ model boundaries for
accurate description of temperature distributions along
the boundaries. Second, under steady-state moisture and
heat-flow conditions, both top and bottom boundary
temperatures vary spatially, but are constant with time,
which leaves room for adjustments to fit steady-state
temperature profiles measured from boreholes.

Figure 13 shows a model calibration result using
measured temperature profiles in six boreholes (NRG-6,
NRG-7a, SD-12, UZ#5, UZ-7a, and H-4; Sass et al. 1988,;
Rousseau et al. 1998). The figure shows a good match
between measured and simulated temperatures for all six
boreholes. Note that near the ground surface in the
boreholes, observed temperatures show significant sea-
sonal variations, which cannot be captured by the steady-
state heat flow model. However, these seasonal changes in
surface temperature have little impact on steady-state heat
flow and field-measured temperature profiles in the deeper
(more than 20 m) UZ. Field data, as well as comparisons
with steady-state simulation results in Fig. 13, indicate
that the ambient geothermal conditions can be approxi-
mated as steady state on the large-scale model.

Matching measured temperature profiles using simula-
tion results along these boreholes at different locations, as
shown in Fig. 13, implies that percolation fluxes (as well
as their spatial distributions estimated by the three-
dimensional UZ model) are within a reasonable range of
the actual percolation in the UZ. Otherwise, the study by
Bodvarsson et al. (2003) indicates that if the surface
infiltration rate is increased or decreased by a factor of 3
or more, temperature profiles can generally no longer be
fitted by a three-dimensional model. This is because on
average, a percolation flux of 5 mm/year removes about
10 mW/m? of downward heat convection, which is about
25% of upward heat conduction, ~40 mW/m? (Sass et al.
1988), through the UZ by ambient geothermal gradients.
Any large increase or decrease (e.g., by a factor of 2 or
more) of infiltration or percolation flux values in the
model will lead to significant changes in downward heat
convection or in geothermal gradients, such that model
results will significantly deviate from observed tempera-
ture profiles.

Examination using geochemical isotopic data

The methodology for analyzing percolation flux using
geochemical pore-water chloride (CI) data is based on
modeling studies of chloride transport processes in the UZ
under different infiltration scenarios. Here, the detailed
rationale for using Cl to constrain the percolation fluxes is
discussed. The results of CI transport modeling is briefly
described; more detailed discussion and results using
chloride and other isotopic data are provided in BSC
(2004) and Wu et al. (2004).
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Fig. 13 Comparisons between measured and simulated ambient temperature profiles for six boreholes under the present-day mean

infiltration rate

While field-measured moisture data are found to be
relatively insensitive to percolation values, geochemical
isotopic data provide valuable information by which to
analyze the UZ system and help constrain the UZ
percolation flux range (Sonnenthal and Bodvarsson
1999). For example, pore-water chemical concentration
data can be used to calibrate the UZ model and to bound
the infiltration fluxes (Liu et al. 2003; BSC 2004). The
distribution of isotopic chemical constituents such as
chloride (C1) in both liquid and solid phases (Lu et al.
2003) of the UZ system depends on many factors such as
hydrological and geochemical processes, surface precipi-
tation, evapotranspiration, fracture-matrix interactions of
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flow and transport, and the history of climate changes and
recharge. Therefore, the current status of chemical
components existing within the UZ, as measured from
the site, will reveal some of the past and current
percolation patterns, along with their spatial variations.
Measurements of chloride concentration were made
from pore waters extracted from field samples (Fabryka-
Martin et al. 2002; Yang et al. 1996, 1998) collected from
a number of surface-based boreholes and two underground
tunnels, the ESF and the ECRB (Figs. 1 and 3a). The
source of recharged chloride at the ground surface and its
input to the transport model is estimated using precipita-
tion and surface water flow (Sonnenthal and Bodvarsson
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1999), and is imposed on the top boundary under different
infiltration scenarios.

All CI transport simulations were run using the T2R3D
code for 100,000 years to approximate the current, steady-
state condition under the infiltration scenarios considered.
Chloride is treated as a conservative component trans-
ported through the UZ, subject to advection, diffusion, and
first-order decay. The mechanical dispersion effect through
the fracture-matrix system was ignored. A constant
molecular diffusion coefficient of 2.032x10™° m?/s is used
for Cl matrix diffusion.

The three present-day infiltration rates for lower, mean,
and upper bounds are used in chloride modeling. Each of
the three infiltration maps corresponds to two three-
dimensional flow fields (Table 3), i.e., the base-case (A)
and alternative (B) models use the same surface infiltra-
tion maps. For example, the same present-day mean
infiltration scenario leads to two flow fields: preq mA of
the base case and preq_mB of the alternative. This results
in a total of six three-dimensional flow fields with three
base cases and three alternatives, based on different
parameter sets of different PTn conceptual models.
Therefore, the difference predicted by the two flow-field
results under the same infiltration scenario (e.g., preq mA
and preq mB) is a function of input parameters or
conceptual models. On the other hand, the difference in
model predictions with the same conceptual models of
base-cases (i.e., preq lA, preq mA, preq uA) or alter-
natives (preq 1B, preq mB, preq uB) with different
infiltration scenarios results from the effects of infiltration
rates. By comparing model results with field-observed
chloride data using different parameter sets (or conceptual
models) and infiltration rates, it may be possible to
identify more suitable conceptual models as well as to
estimate the range of net infiltration rates.

The modeled chloride concentrations and their field
measurements are represented in Fig. 14, as an example,
along the underground tunnel of ECRB. Several compar-
isons with borehole data are presented in BSC (2004) and
Wu et al. (2004). As shown in Fig. 14, modeled chloride
distributions in the UZ are very sensitive to both
conceptual models of the PTn and net surface infiltration
rates. Comparisons of simulated and measured chloride
concentrations in Fig. 14 indicate that the simulations
for mean infiltration of the base-case model (preq mA)
have overall better matches than the alternative model
results (preq_ mB). It is also shown that base-case model
results (preq uA) with upper-bound infiltration give
reasonable matches compared to the mean infiltration
results (preq_mA), while model results using lower-bound
rates give the poorest fit. In general, high net infiltration
results in lower chloride concentrations, whereas lower net
infiltration gives high chloride concentrations within the
UZ system.

The results, as shown in Fig. 14, demonstrate that
neither lower infiltration rates (preq lA) nor alternative
model results (preq 1B, preq mB, and preq uB) could
match the measured Cl data well (BSC 2004). Compar-
isons between the model results for chloride distributions,
using the six different flow modeling scenarios, can be
useful in distinguishing which infiltration map or concep-
tual model is more appropriate for site characterization. In
comparing simulated chloride distributions using the base-
case model with the alternative models (e.g., Fig. 14), it is
found that the base-case flow field simulation results
under the present-day mean infiltration rate consistently
provide a better overall match with the observed chloride.
As discussed before, the main difference between the
base-case and alternative flow fields is whether there is
large- or small-scale lateral flow within the PTn unit, with
the base-case flow fields, in general, predicting relatively

Fig. 14 Comparison between
measured and simulated chlo- -
ride concentration (mg/l) pro-
files along the ECRB 10
(Enhanced Characterization of &\ [
Repository Block) tunnel for oD ¢ ! e -
present infiltration with mean, = B
upper, and lower bound : i

2 i

~—

< 2

5 10°F

g -

5 =

8 B

2 B

(@] -

o i

®

10 =
(1

preq_uA
preq_uB

—— DTE]_IM A
CEE LR preq_mB =
— preq_lA

Sy  mmmm==a- preq_IB
field data

[
500

0

[ [ [ !
1000 1500 2000 2500

Distance from the ECRB Entrance (m)

Hydrogeology Journal

DOI 10.1007/s10040-006-0105-5



large lateral diversion. The model calibration results using
chloride data show that large lateral diversion may exist in
the PTn unit.

Even though the chloride data analyses discussed
above indicate that there may be large-scale lateral flow
within the PTn unit, the existence of such lateral flow
diversion and the size of its spatial scale is currently
debatable or uncertain. One study by Flint et al. (2003),
using an analytical model, moisture data, and chloride-
mass-balance calculations, implies insignificant lateral
flow in the PTn. In particular, they correlate water
potential data versus modeled net infiltration rates along
the same cross section of the ECRB to show small lateral
flow. However, another field seepage test shows that
lateral flow through the PTn matrix is very strong (Salve
et al. 2003). Nevertheless, this study demonstrates that
pore-water chloride provides additional evidence for
understanding PTn flow, which has a direct impact on
chloride transport and distributions.

Concluding remarks

This report presents an integrated modeling approach as
well as its application to a large-scale study characterizing
percolation patterns in the unsaturated zone of Yucca
Mountain, Nevada. In particular, a comprehensive model-
ing effort is made to quantify moisture movement or
unsaturated flow patterns at the Yucca Mountain UZ using
the integrated approach for taking account of multiple
processes, including moisture flow, natural geochemical
reaction and transport, and gas and heat flow, within the
UZ system. The modeling results, based on the integrated
modeling approach, provide a better understanding of
percolation patterns and flow behavior within the Yucca
Mountain UZ. More importantly, integration of different
types of field-observed data such as water potential, liquid
saturation, perched water, gas pressure, chloride concen-
tration, and temperature logs, into one single modeling
analysis provides a rare opportunity to cross-examine
and verify different process model results and various
conceptualizations which may be impossible to achieve
when using only one or two types of data. This study
demonstrates that integrated model calibrations and
analyses make it possible to have consistent model
predictions for different but interrelated hydrological,
pneumatic, geochemical, and geothermal processes in
the UZ.

Model results and analyses, supported by field-ob-
served moisture, temperature and geochemical data,
provide several insights into complex flow patterns
through the UZ system. First, water may not flow straight
downward in a thick, heterogeneous unsaturated zone, and
instead, it may be significantly diverted laterally towards
the east along the sloping layers and focused into major
faults such as at the Yucca Mountain site. This lateral flow
diversion in the upper unit is caused by a capillary-barrier
effect in general. Second, all the flow simulation results
indicate significant lateral flow diversion occurring at the
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CHn, resulting from the presence of perched water or
thick low-permeability zeolitic layers. Under the current
hydrogeological conceptualization, faults act as major
flow paths through the CHn or below the repository
horizon. In addition, the modeled percolation fluxes and
their distributions show that fracture flow is dominant in
the welded tuff, both at the potential repository horizon
and at the water table, while matrix carries the majority of
water percolation through the nonwelded tuff.

This integrated study shows that the most important
factors, which determine simulated percolation patterns in
unsaturated fractured rock of Yucca Mountain, include (1)
a representative hydrogeological model for describing
heterogeneity of fractured formation (layers, slopes, and
faults), (2) fracture and matrix properties and their spatial
distribution, and (3) surface net infiltration rate and its
spatial distribution. In terms of applicability of data for
validation of model predictions, borehole temperature data
can be used to constrain the ranges of deep percolation
rates. In comparison, geochemical isotopic data of
chlroide, related to past climate history and current flow
pathways, provides extremely useful information for
percolation behavior within the UZ. In addition, it is
found that for an unsaturated fracture-matrix system with
highly permeable fractures and low-permeability matrx,
subject to low net infiltration rate, fracture flow properties
show relative insensitivity to water flow. In such cases,
pneumatic data are among the best data source for
estimating fracture permeability.

This study summarizes the authors’ current research
effort to characterize UZ flow patterns at Yucca Mountain.
As demonstrated in this work, the integrated methodology,
integrating numerical models with various types of data
and physical processes, provides a practical and promising
approach for conducting large-scale site-characterization
investigations in unsaturated fractured rock.
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