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Abstract

A three-dimensional unsaturated-zone numerical model has been developed to simulate flow
and distribution of moisture, gas and heat at Yucca Mountain, Nevada, a potential repository site
for high-level radioactive waste. The model takes into account the simultaneous flow dynamics of
liquid water, vapor, air and heat in the highly heterogeneous, fractured porous rock in the

Ž .unsaturated zone UZ . This model is intended for use in the prediction of the current and future
conditions in the UZ so as to aid in the assessment of the system performance of the proposed
repository. The modeling approach is based on a mathematical formulation of coupled multiphase,
multicomponent fluid and heat flow through porous and fractured rock. Fracture and matrix flow
is treated using both dual-permeability and effective-continuum modeling approaches. The model
domain covers a total area of approximately 43 km2, and uses the land surface and the water table
as its top and bottom boundaries. In addition, site-specific data, representative surface infiltration,
and geothermal conditions are incorporated into the model. The reliability and accuracy of the
model have been the subject of a comprehensive model calibration study, in which the model was
calibrated against measured data, including liquid saturation, water potential and temperature. It
has been found that the model is generally able to reproduce the overall system behavior at Yucca
Mountain with respect to moisture profiles, pneumatic pressure variations in different geological
units, and ambient geothermal conditions. q 1999 Elsevier Science B.V. All rights reserved.

Keywords: Numerical reservoir simulation; Unsaturated zone; Yucca Mountain; Site-scale numerical model;
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1. Introduction

Quantitative evaluation of moisture, gas, and heat flow, and their effects on the
performance of the potential high-level nuclear waste repository at Yucca Mountain is

) Corresponding author. Fax: q1-510-486-6115; e-mail: yswu@lbl.gov

0169-7722r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
Ž .PII: S0169-7722 99 00014-5



( )Y.-S. Wu et al.rJournal of Contaminant Hydrology 38 1999 185–215186

essential for conducting site characterization studies, and for designing the repository
and engineered barrier system. Numerical modeling has played a crucial role in

Ž .understanding unsaturated-zone UZ fluid movement, and the effects of hydrogeologic
and thermal conditions on various aspects of the overall waste-disposal system. Whereas
laboratory and field experiments are limited in space and time, numerical modeling
provides a means to study physical processes on large temporal and spatial scales that
are relevant to understanding of nuclear waste disposal in a geologic formation.
Performance assessment models based on numerical simulation of water, gas and heat
flow can include all known important physical and chemical processes that affect the
behavior of the repository and the host rock.

A number of numerical models for evaluating the unsaturated-zone hydrologic
Ž .conditions at Yucca Mountain have been developed since the 1980’s. Rulon et al. 1986

used two-dimensional cross-sectional models to investigate important flow processes at
Yucca Mountain, including lateral flow within the Paintbrush unit and the effects of
fracture and matrix flow. This work was followed by a number of studies of processes

Ž .on a more basic level than site-scale coupled processes. Pollock 1986 developed a
mathematical model for analyzing one-dimensional, vertical transport of energy, water

Ž .and air in unsaturated alluvium. Tsang and Pruess 1987 studied thermally induced
convection phenomena near a high-level nuclear waste repository in partially saturated
tuffs using a two-dimensional model. One of the earlier studies of gas flow at Yucca

Ž .Mountain was presented by Weeks 1987 to explain air circulation as observed from
boreholes.

Ž .In the early 1990’s, Wittwer et al. 1992, 1995 started development of a three-di-
Ž .mensional 3D model that incorporated many geological and hydrological complexities,

such as geological layering, degree of welding, fault offsets, differing matrix and
Ž .fracture properties, and others. Ahlers et al. 1995a,b continued development of the UZ

model with increased numerical and spatial resolution. Their studies considered pro-
cesses such as gas pressures and moisture flow, temperature and heat-flow analyses, and
rock-property evaluation through inverse modeling. A detailed comparison of the model

Ž .predictions with measured data from the site was reported by Wu et al. 1996a, 1997 .
Several similar models have also been developed that have enhanced the understand-

ing of single- and coupled flow and transport processes within the UZ. Wang and
Ž .Narasimhan 1987 showed that the degree of lateral flow at the Yucca Mountain site

depends strongly on assumed hydrological parameters of vertical fault zones, especially
Ž .their characteristic curves. Other work by Wang and Narasimhan 1985 suggested that

effects of infiltration pulses at the surface are dampened by the underlying tuff units.
Their results showed that the welded tuff of the potential repository horizon exhibited
only small changes in saturations, pressures, and potentials from steady-state values in
response to the transient pulses.

One of the first 3D models of Yucca Mountain was developed by Rockhold et al.
Ž .1990 , who studied the UZ in the immediate vicinity of the potential repository, and
found considerable lateral flow due to the complex stratigraphy. The various cases

Žconsidered predicted mostly fracture-dominated flow in the shallow welded units Tiva
.Canyon formation , but matrix-dominated flow elsewhere. Concurrent modeling work

Ž .by Flint et al. 1993 was used to predict saturation and water potential profiles in
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Ž .boreholes drilled at the site. Arnold et al. 1995 used 2D cross-section models to
evaluate the travel time of fluid from the proposed repository level to the water table. Ho
Ž .1994 evaluated flow into a welded tuff matrix material from a saturated vertical

Ž .fracture. Robinson et al. 1995, 1996, 1997 presented the results of flow and transport
modeling for various radioactive isotopes, along with sensitivity analyses using various
infiltration scenarios.

The 3D UZ model presented in this paper is built on the analysis and the results of
the above-referenced work and many other studies. The primary objective of the UZ
model of Yucca Mountain is to develop a reliable computer model to simulate and
investigate the existing natural state of the system, and predict possible future system
responses. As a critical step of model development, a series of model calibrations and
sensitivity analyses have been conducted with the 3D site-scale model to investigate
effects of variations in rock and fault properties and in model boundary conditions, and
various issues regarding different conceptual models.

Modeling coupled processes in large-scale, three-dimensional, fractured systems is
conceptually difficult and computationally demanding. One key issue for simulating
fluid and heat flow in the fractured welded units of the Yucca Mountain site is how to
evaluate fracture and matrix interactions under multiphase, nonisothermal conditions.
The available methods for treatment of fracture and porous matrix interactions rely

Ž .generally on numerical approaches. These include: 1 explicit discrete fracture and
Ž . Ž . Ž .matrix model; 2 the effective-continuum method ECM ; 3 the double- or multiporos-

Ž . Ž . Ž .ity method Wu and Pruess, 1988 ; 4 the dual-permeability method; and 5 the more
Ž . Ž .general ‘multiple interacting continua’ MINC method Pruess and Narasimhan, 1985 .

We have experimented with all of these options for treating fracture and matrix flow in
our modeling studies at Yucca Mountain. When applied to simulating moisture flow and
heat transfer at the mountain, all these approaches require knowledge of fracture and
matrix properties and their spatial distribution. These site-specific fracturermatrix
parameters, however, are presently not well defined for many hydrogeological units at
Yucca Mountain.

Modeling approach used in this study employs large-scale spatial and temporal
averaging in representing the heterogeneous fracture and matrix system at Yucca
Mountain. This volume-averaged concept may not capture phenomena associated with
‘fast’ flow and solute transport along localized preferential pathways on a much smaller
scale than grid block size. Evidence that water flow in thick UZs in fractured rocks may
occur in non-volume averaged fashion is discussed by Pruess et al., 1999. They have
also presented several alternative concepts and modeling approaches to address fast flow
issues in unsaturated fractured rocks. Theoretically, it is possible to simulate those
localized flow and transport processes using a volume averaged, continuum approach if
sufficiently detailed spatial discretization is used. However, computation intensity and
lack in detailed knowledge of fracturermatrix characterization make it impossible to
exercise this effort to a realistic site application.

Currently, the effective-continuum approach has found wide applications, due to its
simplicity in terms of data requirement and the computational efficiency in handling

Ž .large model grids Wu et al., 1996a,b . On the other hand, the dual-permeability
approach is preferable because of its flexibility in handling matrix–fracture interaction,
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and matrix to matrix flow, which may be important for moisture movement within
Yucca Mountain. For these reasons, both the ECM and dual-permeability modeling
approaches are used in this paper to evaluate fracture–matrix flow. Comparison studies

Žusing the full 3D model grid under the same boundary and initial conditions Wu et al.,
.1996a showed that for steady-state moisture distributions and movement within the

mountain, the ECM approach gives almost identical results to the dual-permeability
model for a given site conceptual model. A similar conclusion was also obtained
Ž .Doughty and Bodvarsson, 1996, 1997, 1999, this issue for transient gas flow and
ambient heat transfer, in which the ECM model gives accurate results when compared
with results from a dual-continua approach.

Numerous model simulations were performed to quantify the sensitivity of the model
to the parameters and assumptions used in the model preparation. The emphases of the
modeling efforts were to examine the accuracy and reliability of the model in predicting
hydrogeological conditions at the mountain. The effects of rock property variation and
heterogeneity were tested using rock property data from several available sets of

Ž .parameters estimated by inverse modeling Bandurraga and Bodvarsson, 1997 . Other
sensitivity studies related to model set-up and input parameters include the effects of
boundary-condition uncertainty, surface net infiltration and fault representations. The
results of these studies will be used to provide directions for future modeling, as well as
field-data collection efforts.

The 3D model calibration studies of this paper indicate that the 3D site-scale UZ flow
model can in general reproduce the moisture and geothermal conditions at Yucca
Mountain. The moisture distributions predicted by the 3D model agree well with
observed water-saturation profiles, and are in reasonable agreement with measured
borehole water potentials. Simulated temperature profiles are in good agreement with
observed temperatures at more than 20 boreholes. The capability of the UZ model to
reproduce these conditions is critical to various Yucca Mountain site characterization
project activities. The model provides a useful tool for evaluating alternative conceptual
models of fracturermatrix flow, heat transfer and chemical transport within the moun-
tain.

As examples of model applications, based on the confidence built through model
Ž .calibration and sensitivity analyses, we present simulation results and predictions of: 1

Ž .ambient moisture and geothermal conditions of the repository site, and 2 percolation
flux at the repository horizon.

2. Model description

Ž .The first paper of this issue Bodvarsson et al., this issue provide the basic
background information on the Yucca Mountain site as well as an introduction to the
unsaturated-zone model. Subsurface hydrologic processes at Yucca Mountain occur in a

Žheterogeneous environment of layered, anisotropic, fractured volcanic rocks Scott and
.Bonk, 1984; Rousseau et al., 1996 . These volcanics consist of alternating layers of

welded and nonwelded ash flow and air fall tuffs. The primary geologic formations
found at Yucca Mountain, beginning from the land surface, consist of the Tiva Canyon,
Yucca Mountain, Pah Canyon, and the Topopah Spring Tuffs of the Paintbrush Group.
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Underlying these are the Calico Hills Formation, and the Prow Pass, Bullfrog, and Tram
Ž .Tuffs of the Crater Flat Group Buesch et al., 1995 . Table 1 lists the geological units for

different hydrogeologic units and the associated model numerical grid layer information.

Table 1
The relations of geological and hydrogeological units, formation and model grid layers used in the 3D
site-scale model

Geological unit Welding intensityrFormation Model grid Hydrogeological unit
Ž .name Buesch et al., 1995 layer name

Paintbrush Group
a Ž . Ž .Tiva Canyon M,D Tpcxxxx tcw11, tcw12 Tiva Canyon TCw

Ž .Tuff D-Basal Vitrophyre Tpcpv3 , tcw13
Ž .M Tpcpv2
Ž .N,P Tpcpv1 ptn21

Ž . Ž .Bedded tuff N Tpbt4 Paintbrush PTn
Ž .Yucca Mountain Tuff N,P,M Tpy ptn22

Ž .Bedded tuff N Tpbt3 ptn23
Ž .Pah Canyon Tuff N,P,M Tpy ptn24

Ž .Bedded tuff N Tpbt2
Ž .Topopah Spring Tuff N,P Tptrv3 ptn25

Ž . Ž .M Tptrv2 tsw31 Topopah Spring TSw
Ž .D-Upper vitrophyre Tptrv1

Ž .M,D Tptrn tsw32
Ž .M,D,L Tptrl
Ž .M,D,L Tptpul tsw33

Ž .D Tptpmn tsw34
Ž .M,D,L Tptpll tsw35

Ž .D Tptpln tsw36
Ž .D Tptpv3 tsw37

Ž .N,P,M; may be altered Calico Hills CHn
Ž .Tptpv1, Tptpv2

Ž .Bedded tuff N; may be altered Tpbt1 ch1zc ch1vc
Ž .Calico Hills Formation N; unaltered Ta-Vitric ch2vc

Ž .N; altered Ta-Zeolitic ch3zc
Ž .N; may be altered Tabt1 ch4zc

ch4vc

Crater Flat Group
cŽ .Prow Pass Tuff N; may be altered Tpc Unit 4

N,P,M Unit 3 pp3vp
N,P; generally altered Units 2,1 pp2zp

Ž .Bedded tuff N; generally altered Tpcbt1
Ž .Upper Bullfrog Tuff N,P; generally altered Tcb

Middle Bullfrog Tuff N,P,M bf3vp
Lower Bullfrog Tuff N,P; generally altered bf2zp Crater Flat

Ž .undifferentiated CFu
Ž .Bedded tuff N; generally altered Tcbbt
Ž .Upper Tram Tuff N,P; generally altered Tct tm3vt

a Welding intensity NsNon-; PsPartially; MsModerately; DsDensely.
b L sLithophysal Zone.
c Ž .Units per Moyer and Geslin Buesch et al., 1995 .



( )Y.-S. Wu et al.rJournal of Contaminant Hydrology 38 1999 185–215190

These geologic formations have been reorganized into hydrogeologic units based
Ž .roughly on the degree of welding Montazer and Wilson, 1984 . These are the Tiva

Ž . Ž .Canyon welded TCw hydrogeologic unit, the Paintbrush nonwelded unit PTn ,
consisting primarily of the Yucca Mountain and Pah Canyon members and their bedded

Ž . Ž .tuffs, the Topopah Spring welded TSw unit, the Calico Hills nonwelded CHn , and
Ž .the Crater Flat undifferentiated CFu units.

In addition to the highly heterogeneous and anisotropic nature of the fractured tuffs
existing at the mountain, moisture flow is complicated by numerous strike–slip and

Ž .normal faults with varying amounts of offset Scott and Bonk, 1984 . The vertical offset
along these faults commonly ranges from ten to hundreds of meters, and generally
increases from north to south. In the repository area the Ghost Dance fault has offsets of

Ž .tens of meters Spengler et al., 1993 , while the Solitario Canyon fault located to the
west has offsets of up to several hundreds of meters. These and other major faults may
penetrate the complete thickness of the UZ, and control moisture flow and saturation
distributions.

ŽUnder natural hydrological and geothermal conditions, both liquid and gas air and
.vapor flow in the UZ of the mountain are affected by ambient temperature changes,

geothermal gradients, atmospheric and water table conditions. Thermal and hydrological
regimes are closely related by the effects of coupling of thermal, density, and atmo-

Žspheric conditions on air circulation through the mountain Weeks, 1987; Lu and
.Kwicklis, 1995 . In addition to the ambient thermal conditions, heat will be generated as

a result of emplacing high-level nuclear waste in the UZ. Thermal loading from the
waste repository will significantly affect the post-waste emplacement performance of the
repository, and will create complex multiphase fluid flow and heat transfer processes
Ž .Wu et al., 1995 . The physical mechanisms include, but are not limited to, conductive

Ž .and convective heat transfer, phase change vaporization and condensation , flow of
liquid and gas under variably saturated conditions, and diffusion and dispersion of vapor
and air. The result is that thermal effects must be included for accurate modeling of
post-waste emplacement moisture flow through the mountain.

2.1. Model domain and grid

The 3D model domain and the numerical grid for this study are shown in plan view
in Fig. 1. The model domain covers a total area of approximately 43 km2, roughly from
2 km north of borehole G-2 in the north, to borehole G-3 in the south, and from the Bow
Ridge fault in the east to about 1 km west of the Solitario Canyon fault. Fig. 1 shows the

Ž .numerical grid with increased resolution finer mesh , in the vicinity of the proposed
repository, located near the center of the model domain. Also, shown in Fig. 1 are the
locations of several of the boreholes used for model calibration. The model domain was
selected to focus our study at and near the potential repository area, and to investigate
effects of the major faults on moisture flow around the repository. All the laterally
surrounding boundaries are located sufficiently far from the repository so that their
effects on the simulation results at the repository are small.

In the vertical direction, the layering and subdivision of geological units in the
Ž .numerical grid are based on the geological model of Bandurraga 1996 . Fig. 2 shows
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Fig. 1. Plan view of the 3D site-scale model domain, grid and incorporated major faults.

the vertical hydrogeological layers, and offsets of the explicitly modeled faults, along
the cross section W–E of Fig. 1. The 3D model grid has 28 computational grid layers
that represent different hydrogeological units and layers in the UZ of Yucca Mountain.

Ž . Ž .From the top boundary first layer down, the Tiva Canyon unit TCw is vertically
subdivided into three layers, although some are eroded and not present at all locations.

Ž .The Paintbrush unit PTn is represented by five grid layers. Similarly to the TCw,
Ž .several layers in the PTn are missing in areas of the site. The Topopah Spring TSw is

divided into seven sublayers, with an additional three layers representing the repository
Ž .area. The Calico Hills CHn has a maximum of eight sublayers, but because of lateral

variation in the degree of zeolitization, generally about five layers are present in most
locations. The bottom boundary of the model is at the water table.
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Fig. 2. West–East vertical cross section through the 3D model showing hydrogeological layers and offsets on the explicitly modeled faults.
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Each 3D model grid layer has 1470 element blocks, leading to 1470 vertical grid
columns for an ECM model. The ECM grid has a total number of 40,000 element
blocks, and a total number of 140,000 connections between the blocks. The 3D grid was
generated employing a Voronoi-type mesh. A Voronoi block is a region of space that is
closer to a grid point than to any other point in the same plane. This method of mesh
discretization fulfills the integral finite difference method formulation for flow calcula-

Ž .tion employed by the TOUGH2 code Pruess, 1991 , and ensures that all interface
connections in the plane are perpendicular to the flow directions between connected
blocks.

Ž .The dual-permeability grid is generated based on the ECM grid Fig. 1 and the
Ž .estimated properties of fractures Sonnenthal et al., 1997 . The conceptual model for

fracture networks in the dual-permeability grid generation consists of fractures that are
assumed to be parallel vertical plates with differences in apertures, spacings, and
frequencies for different model layers, representing explicit geologic formations. The
vertical parallel plate assumption is used because vertical fractures are predominant in
most units, and connections between rock units are contributed mainly by vertical

Žfractures, as observed from the underground tunnel and boreholes Sonnenthal et al.,
.1997 . The dual-permeability mesh subdivides each ECM element into fracture and

matrix domains, doubling the number of total element blocks used in the ECM grid. The
total number of connections in the dual-permeability grid then becomes 320,000.

It is a challenge to generate 3D numerical grids that model three-dimensional faults in
a heterogeneous system. As shown in Figs. 1 and 2, several major faults are incorporated
explicitly in the model, including the Solitario Canyon, Iron Ridge, Ghost Dance,
Abandoned Wash, and Dune Wash faults. The Bow Ridge fault is treated as a boundary
along the eastern edge of the model domain. Based on field evidence that the fault zones
are dominantly vertical or near vertical at Yucca Mountain, the faults are represented in
the model as vertical zones of finite thickness with sudden stratigraphic offset in
connections to adjacent gridlayers. The scheme used for generating the fault grid

Ž .elements is outlined by Wittwer et al. 1995 .

2.2. Modeling approach

The simulation results presented here were carried out using the TOUGH2 code, a
general-purpose reservoir simulator for simulating multidimensional coupled fluid and
heat flow of multiphase, multicomponent fluid mixtures in porous and fractured media.
In simulating thermohydrologic conditions in a high-level nuclear waste repository, two

Ž . Ž .phases liquid and gas , two components water and air , and heat are considered in the
Ž .TOUGH2 formulation Pruess et al., 1990a,Pruess, 1991 . The liquid phase contains a

mixture of water and dissolved air, while the gas phase consists of water vapor and air.
The flow of both liquid and gas phases is described by the multiphase extension of
Darcy’s law, incorporating the effects of phase pressure, viscous, gravity, and capillary
forces. Diffusive mass transport by binary diffusion of the air and vapor in the gas phase
is included as an additional transport mechanism; however, liquid phase diffusion and
hydrodynamic dispersive fluxes of the individual components are neglected. Heat
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transfer is governed mainly by conduction and convection. Phase changes of vaporiza-
tion and condensation are also included. The conservation of mass and energy gives rise

Ž .to three governing equations for the two mass components air and water and heat.
The numerical approach of TOUGH2 is based on the integral finite difference

method. The three conservation equations are discretized in space using the ‘integral
Ž .finite difference’ method Narasimhan and Witherspoon, 1976 . The integral finite

difference discretization does not require any reference to a global system of coordi-
nates, and thus offers the advantage of being applicable to regular or irregular geome-
tries of gridding in one, two and three dimensions. The method also makes it possible,
by means of simple preprocessing of geometric data, to implement double- and
multiple-porosity, or dual-permeability methods for treatment of flow in fractured
porous media. In the TOUGH2 formulation, time is discretized fully implicitly using a
first-order backward finite difference scheme. The resulting discretized finite difference
equations for mass and energy balances are nonlinear, and are solved simultaneously
using the NewtonrRaphson iterative scheme.

The numerical modeling approaches used in this study for treatment of fracturerma-
Ž .trix flow include both the ECM method Pruess et al., 1990b; Wu et al., 1996b and the
Ž .more rigorous dual-permeability approach Pruess, 1991 . The ECM method can accom-

modate two-phase flow in a fracturermatrix system, based on approximate thermody-
Ž .namic equilibrium locally between fracture and matrix all the times. For two-phase

flow in a fractured porous medium, the condition of local thermodynamic equilibrium
requires that temperatures, phase pressures, densities and viscosities in fracture and
matrix systems are the same. Addition of the fluxes from Darcy’s law for fracture and
matrix gives the expressions for total flux through the fracture and matrix system:

rb
F sykk =P yr g 1Ž .Ž .b b b b

mb

Žwhere F is the total mass flux vector for phase b; b is phase index bs l for liquid,b

.and bsg for gas ; r is the density of phase b; m is the viscosity of phase b; P isb b b

Ž .the pressure of phase b; and g is the acceleration of gravity. In Eq. 1 , k is the
effective-continuum permeability, defined as

ksk qk 2Ž .m f

with k being intrinsic continuum matrix permeability and k intrinsic continuumm f

fracture permeability. The effective-continuum relative permeability, k , can be definedb

as

k k qk km b ,m f b ,f
k s 3Ž .b k qkm f

where k and k are relative permeability to phase b in matrix and fracture,b,m b,f

respectively. In these equations we have defined relative permeabilities relative to the
total single phase permeability, so that 0-k -1. The expression for the total flux ofb

Ž .Eq. 1 can be interpreted as referring to a single effective continuum with total effective
phase permeability of k k qk k .m b,m f b,f
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The ECM method, when applicable, provides a substantial simplification in the
description of fluid and heat flow in fractured porous media, with a commensurate
decrease in computational effort. Conditions are favorable for this method when rock
matrix blocks are relatively small and permeable, and the fracture network is relatively
uniformly distributed. The ECM formulation will be particularly suitable for a situation

Žwhen a long-term, averaged, or steady-state solution is being sought Pruess et al.,
.1990a,b . The effective-continuum approximation may break down under certain unfa-

vorable conditions, such as very tight, large and low permeability rock matrix blocks
with rapid transients through surrounding fractures, as it may take a long time to reach

Ž .equilibrium under such conditions Wu and Pruess, 1988 .
At Yucca Mountain, the averaged net water-infiltration rate into the UZ has been

estimated to be low, on the order of 5 mmryear. At most, infiltration rates may be as
Žhigh as 20 mmryear in certain areas of the mountain Hudson and Flint, 1995; Flint et

.al., 1996 . The percolation water flux through the mountain is therefore expected to be
small in most locations. Under these conditions local hydraulic equilibrium between
porous rock matrix and fractures may be a reasonable approximation, and the ECM
formulation may provide reasonable simulation results for predicting steady-state fluid
movement under ambient hydrogeologic conditions.

Ž .Unlike the ECM method, the dual-continua approach e.g., dual permeability
represents each grid block by a fracture block and one or more matrix blocks. If each
fracture grid block is associated with only one matrix grid block, fracture–matrix flow

Ž .must be approximated as quasi-steady Warren and Root, 1963 . On the other hand, if
the rock matrix associated with a given fracture grid block is discretized into multiple
grid blocks, transient fracture–matrix flow can be simulated. If global flow occurs only
between fracture grid blocks, the model is known as a double-porosity model, because
fracture permeability alone controls large-scale, global flow, while the matrix con-
tributes an additional sink or source term. If global flow occurs within both fracture and

Ž .matrix continua, the model is known as a dual-permeability model Pruess, 1991 . Since
matrix–matrix flow is considered to be important in moisture movement in the UZ of
Yucca Mountain, the dual-permeability approach was used as a main modeling approach
in this study.

2.3. Model boundary conditions

ŽThe ground surface of the mountain or the tuff–alluvium contact, in areas of
.significant alluvial cover is taken as the top model boundary, and the water table is

treated as the bottom boundary. Both top and bottom boundaries of the model are treated
Ž .as Dirichlet-type boundaries, i.e., constant but spatially distributed temperatures, gas

pressures and liquid saturations are specified along these boundary surfaces. The surface
infiltration is treated as source terms to the grid blocks in the second grid layer from the
top, because the first layer is treated as a Dirichlet-type boundary with constant pressure
and temperature to represent the atmospheric conditions.

All the lateral boundaries, as shown in Fig. 1, are treated as no-flow, or closed
boundaries. This treatment should be reasonable for the eastern boundary, which is
along the Bow Ridge fault, since high vertical permeability and lower capillary forces
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are expected for the fault. For the southern, western, and northern, lateral boundaries,
no-flow boundaries may have little effects on moisture flow within and near the
potential repository areas, since these boundaries are far away from the repository.

The constant temperatures on the top and bottom boundaries were based on field
observation. Temperatures at the water table were interpolated from borehole tempera-

Ž .ture measurement data as reported by Sass et al. 1988 . The water-table temperature
values are generally higher in the southern part, and lower in the northern part of the
model domain. The highest temperatures are near the southwest corner, and the lowest
are in the north, near borehole G-2. The temperature map of the water table is consistent

Ž .with that of Fridrich et al. 1994 , with an average value of about 328C.
Variation of land-surface temperature as a function of elevation was achieved using

temperature data from two boreholes USW NRG-6 and NRG-7a, which had over a year
Ž .continuous temperature-monitoring data Rousseau, 1996 , and represented by the

Ž .following equation Lu and Kwicklis, 1995 :

T sT ql Z yZ 4Ž . Ž .a ref ref

where T is ground surface temperature at elevation Z, T is temperature at referencea ref
Ž .elevation Z , and l is the atmospheric lapse rate 8Crm .ref

The annually averaged ground temperature at NRG-6 is 18.238C, and at NRG-7a, it is
Ž .17.788C Rousseau, 1996 . Using the surface-elevation data and the annually averaged

temperatures at the two boreholes, we can calculate the atmospheric lapse rate, lf
0.018Crm at Yucca Mountain. Then the surface temperatures are determined using Eq.
Ž .4 and elevations of the top model meshes. The resulting surface temperatures show
relatively lower temperatures in the northern part of the site, and along the ridge of the
mountain, where higher elevations exist. In the remainder of the model domain, an
average temperature is about 168 to 188C.

The pressure conditions at the bottom boundary of the model are calculated using
Ž .observed gas pressure values Ahlers et al., 1995a,b, 1998 . The water table, as the

bottom boundary of the site-scale model, is a relatively flat, stable surface. In the eastern
part of the site to the Solitario Canyon fault the water-table elevation is about 730 m

Ž .above sea level masl ; however, the water-table elevation increases by 40 m when it
crosses the Solitario Canyon fault to the west. The gas pressures are estimated using a
pressure value of 0.92 bar at an elevation of 730 m. All the gas-pressure values of the
bottom boundary elements are then calculated using elevations relative to the 730-m
elevation for each boundary grid block, assuming that vapor-static conditions exist.

Surface gas pressures are determined by running the TOUGH2 code to steady-state
under given temperature, bottom pressure, and surface infiltration conditions. This is
necessary to generate a steady-state, equilibrated gas pressure boundary to avoid
artificial air flow or circulation, which may happen when nonequilibrated pressures are
imposed on the ground surface boundaries.

2.4. Infiltration

Infiltration, or net water recharge, through the top-soil layer of the mountain is the
most important factor affecting the overall hydrological and thermohydrologic behavior
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of the UZ. Net infiltration is the ultimate source of groundwater recharge and percola-
tion through the UZ, and provides the water for transport of radionuclides from the
repository to the water table. Net infiltration at Yucca Mountain is spatially highly

Žvariable because of variations in soil cover and precipitation Flint and Flint, 1994;
.Hudson and Flint, 1995 . Although substantial research efforts have been devoted to

determination of net infiltration over the mountain, direct measurements have proven
difficult due to the low moisture flux and high potential evapotranspiration rates at the
mountain area.

Fig. 3. Net infiltration map showing infiltration rates and spatial variations over the model domain of Yucca
Ž .Mountain Flint et al., 1996 .
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Most efforts to estimate net infiltration at the site have been based on average annual
precipitation using an indirect method, with results ranging between 0 to more than 20
mmryear. The spatially variable net infiltration at the site, as estimated by Flint and

Ž .Flint 1994 ranged from 0.02 to 13.40 mmryear. Their estimation was based on
hydraulic property measurements of the bedrock units close to the surface, their
steady-state water content, and an assumed unit hydraulic gradient. In 1995, their work
was extended to describe the spatial distribution of shallow infiltration at Yucca

Ž .Mountain Hudson and Flint, 1995 . This study, based on the neutron moisture meter
logs at 84 locations conducted over a 10-year period and a multiple linear regression
model, gave a much higher net infiltration over a modeled area of 150 km2, with an
average of 21.6 mmryear.

Ž .A recent, updated infiltration map Flint et al., 1996 is used in this study, as shown
in Fig. 3. The figure shows the distributions of net infiltration with an average
infiltration rate of 4.9 mmryear over the model domain. The spatial distributions of

Table 2
Rock properties parameter for matrix and fractures, used in the model calibration and sensitivity studies

2 2 y1 y1Ž . Ž . Ž . Ž .Layerr k m k m a Pa a Pa m m f Ff Unitsm f m f m f f f
y1Ž .Name m

tcw11 0.540Ey17 0.503Ey11 0.117Ey5 0.237Ey4 0.399 0.476 2.33Ey4 1.020 TCw
tcw22 0.540Ey17 0.600Ey11 0.140Ey5 0.237Ey4 0.411 0.499 2.99Ey4 1.830
tcw33 0.500Ey16 0.240Ey11 0.800Ey6 0.816Ey4 0.471 0.503 7.05Ey5 1.270
ptn21 0.370Ey12 0.335Ey12 0.171Ey3 0.110Ey2 0.194 0.492 4.84Ey5 0.870 PTn
ptn22 0.330Ey14 0.457Ey12 0.371Ey4 0.185Ey2 0.361 0.492 4.83Ey5 0.290
ptn23 0.102Ey11 0.302Ey11 0.450Ey3 0.345Ey2 0.214 0.492 1.30ey4 0.290
ptn24 0.104Ey12 0.117Ey12 0.400Ey3 0.913Ey3 0.331 0.492 6.94Ey5 0.630
ptn25 0.574Ey12 0.500Ey12 0.653Ey3 0.111Ey2 0.262 0.492 8.32Ey5 0.650
tsw31 0.236Ey14 0.120Ey11 0.968Ey5 0.630Ey4 0.283 0.487 8.92Ey5 1.100 TSw
tsw32 0.776Ey15 0.820Ey12 0.630Ey4 0.794Ey4 0.236 0.433 1.29Ey4 1.010
tsw33 0.880Ey16 0.106Ey11 0.661Ey5 0.453Ey4 0.249 0.494 1.05Ey4 0.690
tsw34 0.802Ey17 0.435Ey12 0.104Ey5 0.103Ey4 0.326 0.472 1.24Ey4 1.880
tsw35 0.226Ey16 0.856Ey12 0.330Ey5 0.466Ey4 0.234 0.456 3.29Ey4 1.810
tsw36 0.752Ey17 0.152Ey11 0.128Ey5 0.139Ey4 0.416 0.543 3.99Ey4 2.100
tsw37 0.488Ey16 0.372Ey11 0.238Ey5 0.401Ey4 0.385 0.526 4.92Ey4 2.880
ch1vc 0.160Ey11 0.174Ey11 0.657Ey4 0.118Ey2 0.190 0.492 7.14Ey5 0.420 CHn
ch2vc 0.254Ey12 0.288Ey12 0.738Ey4 0.118Ey2 0.224 0.492 7.14Ey5 0.420
ch3vc 0.254Ey12 0.288Ey12 0.738Ey4 0.118Ey2 0.224 0.492 7.14Ey5 0.420
ch4vc 0.254Ey12 0.288Ey12 0.738Ey4 0.118Ey2 0.224 0.492 7.14Ey5 0.420
ch1zc 0.252Ey16 0.251Ey13 0.172Ey5 0.307Ey4 0.364 0.492 1.10Ey5 0.067
ch2zc 0.451Ey17 0.251Ey13 0.394Ey5 0.103Ey3 0.225 0.490 1.10Ey5 0.067
ch3zc 0.451Ey17 0.251Ey13 0.394Ey5 0.103Ey3 0.225 0.490 1.10Ey5 0.067
ch4zc 0.840Ey17 0.251Ey13 0.126Ey5 0.107Ey4 0.475 0.492 1.10Ey5 0.067
pp3vp 0.590Ey14 0.431Ey12 0.177Ey4 0.563Ey3 0.309 0.477 7.14Ey5 0.420
pp2zp 0.940Ey17 0.251Ey13 0.179Ey5 0.151Ey4 0.311 0.487 1.10Ey5 0.067
bf3vp 0.590Ey14 0.431Ey12 0.177Ey4 0.563Ey3 0.309 0.477 7.14Ey5 0.420
bf2zp 0.940Ey17 0.251Ey13 0.179Ey5 0.151Ey4 0.311 0.487 1.10Ey5 0.067 CFu
tm3vt 0.590Ey14 0.431Ey12 0.177Ey4 0.563Ey3 0.309 0.477 7.14Ey5 0.420
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Table 3
The rock properties for faults used in the model calibration studies

2 2 y1 y1 y1Ž . Ž . Ž . Ž . Ž .Units k m k m a Pa a Pa m m f Ff mm f m f m f f f

TCw 1.0Ey13 2.0Ey11 0.61Ey4 1.0Ey3 0.50 0.50 3.34Ey4 4.51
PTn 1.0Ey13 2.0Ey13 0.61Ey4 1.0Ey3 0.50 0.50 3.34Ey4 4.51
TSw 1.0Ey13 2.0Ey11 0.61Ey4 1.0Ey3 0.50 0.50 3.34Ey4 4.51
CHn 5.0Ey15 5.0Ey14 0.61Ey4 1.0Ey3 0.50 0.50 3.34Ey4 4.51

infiltration, in Fig. 3, indicate that there are higher recharge rates in the northern part of
the model domain and along the mountain ridge from south to north.

2.5. Model parameters and rock properties

ŽAll the simulations presented were performed using the TOUGH2 code Pruess,
.1991 . Thermophysical properties of liquid water and vapor in the code are internally

Žgenerated within experimental accuracy from steam table equations International For-
.mulation Committee, 1967 . Air is treated as an ideal gas, and additivity of partial

pressures is assumed for airrvapor mixtures. Rock thermal conductivities and heat

Fig. 4. Comparisons of the simulated and observed saturations and water potentials of borehole UZ-14.
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ŽFig. 5. Comparisons of the simulated and observed saturations of borehole UZa16 no measured water
.potential data available for this borehole .

Fig. 6. Comparisons of the simulated and observed saturations and water potentials of borehole SD-7.
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Ž . Ž .capacities used are from the Reference Information Base RIB DOE, 1993 and
Ž .Brodsky et al. 1997 for Yucca Mountain tuffs.

The rock properties used for matrix and fractures were estimated through inverse
modeling and model calibrations, based on field and laboratory measurements of
saturation and water potential data, pneumatic analysis and air permeability tests, and

Žobserved geochemical and fracture data Bandurraga and Bodvarsson, 1997; Sonnenthal
.et al., 1997 . The methodology and procedure of the parameter estimation were

Ž . Ž .discussed by Bandurraga and Bodvarsson 1997 , Bandurraga et al. 1996, 1999 . In
those parameter estimation studies, several sets of rock properties were obtained, due to
inverse model input specification, conceptual models used, and alternative schemes for
treating fracture–matrix interactions. One set of the rock properties estimated by the
inverse study was chosen for use in this study because it was calibrated in the 3D

Ž .modeling analysis Wu et al., 1997 , as given in Table 2.
The rock parameter specification in the 3D site-scale model is, in general, layer by

layer, but certain grid layers in the CHn unit are altered to vitric or zeolitic regions. In
these property-altered layers, zeolitic and vitric tuff properties are specified to corre-
spond to geologic units and locations. The whole unsaturated-zone formation system is
subdivided, in general, into 28 hydrogeological units or gridlayers, as discussed above.
We treat all of the geological units as fracturermatrix systems, including fault zones.

Ž .In Table 2, a and a are van Genuchten’s parameter van Genuchten, 1980 ofm f

capillary pressure for matrix and fractures; m and m are van Genuchten’s parameterm f

Fig. 7. Comparisons of the simulated and observed saturations and water potentials of borehole SD-9.
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of soil retention curves; f and Ff are porosities and fracture frequencies for fractures,f f

respectively.
The properties for faults are listed in Table 3. There are four vertical zones for fault

rock properties, i.e., each of the faults is subdivided into four hydrogeological units,
TCw, PTn, TSw and CHn. The fracture and matrix properties for fault zones are derived

Ž .based on pneumatic data analysis of the fault permeability Ahlers et al., 1996 ,
Ž .observed fracture distribution from underground tunnels Sonnenthal et al., 1997 , and

Ž .previous studies Ahlers et al., 1995a,b; Wittwer et al., 1995 .

3. Model verification and calibration

As a critical step in developing the 3D UZ flow model, borehole-measured saturation,
water potential and temperature data were compared with the model predictions. This is
part of the important iterative processes of model calibration and verification to increase
confidence in model predictions of the site condition. Liquid saturation data taken from

Ž .five boreholes OCRWM, DOE, 1995 were selected for the comparisons because the
data were collected under an approved quality assurance program. Temperature data

Fig. 8. Comparisons of the simulated and observed saturations and water potentials of borehole SD-12.
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Ž .used for the study were selected from 25 boreholes as measured by Sass et al. 1988
Ž .and Rousseau 1996 . These field-measured moisture and temperature data have been

used in this study for analyzing effects of rock property variations, and for comparison
between model simulations and observations. Simulations were conducted using combi-

Ž . Ž .nations of parameters Tables 2 and 3 and areally distributed infiltration rates Fig. 3 ,
and the boundary conditions discussed above.

The results of the steady-state TOUGH2 simulations were used in the following
model verification study, and this implies that ambient moisture flow at Yucca Mountain
is assumed to be at steady-state. A sampling of simulation results compared with field
observations is presented in the following sections. The moisture flow calibrations were
conducted using the dual-permeability model, whereas temperature studies were based
on the ECM modeling approach to reduce the intensity of computational requirements
when a dual-permeability were used. Many more model calibrations than those shown in
this section were conducted to examine the capability of the site-scale model in
predicting the ambient hydrological conditions. It has been found during these studies
that in general a 3D model has to be used, instead of 1D or 2D models, in order to
match the observation data. This is due to the three-dimensional nature of the mountain

Fig. 9. Comparison between measured and simulated temperatures for borehole H-5.
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Fig. 10. Comparison between measured and simulated temperatures for borehole WTa18.

system in terms of fluid and heat flow and distributions, as well as the geological
structure.

3.1. Comparisons of liquid saturations and water potentials

Simulated liquid saturation and water potential profiles were compared against
Žobserved profiles at the five boreholes UZ-14, UZa16, SD-7, SD-9 and SD-12 Figs.

.4–8 . In these figures, the simulated saturation profiles were extracted from the 3D
simulations, while the borehole data are from field measurements. As shown in these
figures, the simulated saturations are generally in good agreement with the measured

Ž .saturation profiles at all the five locations for the four units TCw, PTn, TSw, and CHn .
Ž .In particular, the triangle data points labeled as ‘Ave’ in these figures, which are

calibration points for both 1D and 3D simulations, are matched well by the modeling
results. Although comparisons with averaged water potential data are reasonable, they

Fig. 11. Simulated ambient saturations at the repository horizon and below in the UZ of Yucca Mountain,
Nevada.
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are not as good as the saturation profile matches. The reason for the poorer water
potential comparisons may be due to inaccuracy in the measurement of these water
potential data, both in terms of core measurements and in situ measurements.

3.2. Comparisons with temperature profiles

Ž .Measured temperature data Sass et al., 1988; Rousseau, 1996 were compared with
the 3D simulation results for 25 boreholes within and near the study area. The tabulated

Ž . Ž .data in the Reference Information Base RIB DOE, 1993 , and the thermal data base
Ž .Brodsky et al., 1997 were used for rock thermal conductivities. In general, temperature

Ždata from the 25 boreholes matched reasonably well with the 3D model Bodvarsson et
.al., 1997; Ahlers et al., 1995a . We present only two of the 25 comparisons conducted in

the model calibration as demonstration examples. The selected boreholes are H-5 and
WTa18, the locations of which are shown in Fig. 1.

Fig. 12. Simulated ambient temperatures in the UZ of Yucca Mountain, Nevada.
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The simulated temperature profiles are plotted in Figs. 9 and 10. The simulated
temperature profiles match the data very well, as was the case for all the other borehole
datarsimulation comparisons.

4. Model predictions and discussions

This section demonstrates applications of the 3D UZ model to understanding
moisture and heat flow at Yucca Mountain. We present simulation results and predic-
tions to illustrate the effects of different rock properties and model conditions on the
distribution and movement of moisture and heat within the mountain.

Fig. 13. Simulated percolation fluxes at repository horizon.
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4.1. Ambient condition

The distribution and movement of moisture and heat within the mountain can be
illustrated most effectively using 3D plots. Shown in Fig. 11 is a simulated 3D
saturation plot, displaying liquid saturation distributions at and below the repository
level. Fig. 11 indicates nonuniform distributions of liquid saturations at the repository
horizon, with drier conditions prevailing along the faults and higher saturations away
from these structures. The average saturations simulated at the repository level range
from 0.8 to 0.9.

The simulated temperature distribution within the mountain is shown in Fig. 12. As
can be seen in the figure, temperatures are at about 258C at the repository level.

4.2. Percolation fluxes at repository horizon

Percolation flux through the UZ is one of the most critical factors considered in
assessment of the repository performance. The quantity and spatial and temporal

Ž .variations in percolation flux directly affect: 1 the quantity of water flowing into drifts;

Fig. 14. Areal frequency and distribution of percolation fluxes within the repository area.
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Ž . Ž .2 moisture conditions and corrosion environment of canisters within the drifts; 3
Ž .waste mobilization from the repository; and 4 radionuclide migration to the saturated

zone. However, percolation fluxes cannot be readily measured in the field, so one must
rely on indirect data and model results to estimate them. Thus, one of the primary
objectives of developing the UZ flow model is to provide a modeling analysis of
percolation fluxes at the repository level.

The simulated percolation fluxes at the repository horizon are shown in Fig. 13, with
statistics of flux distribution. Fracture and matrix flow components are given in Figs.
14–16. The percolation flux is defined in the figures as total mass flux through both

Ž .fractures and matrix. Percolation fluxes are converted to millimeter per year mmryear
per unit horizontal area for comparison with the commonly used infiltration rate unit.

Fig. 13 shows a nonuniform flux pattern of distributions, where the dark blue indicate
higher percolation fluxes, or preferential flow pathways at the repository horizon. The
higher percolation fluxes are mainly located at the northern part of model domain, and
along the eastern boundary of the repository near the Ghost Dance fault. Comparison of
the infiltration map of Fig. 3 and the simulated flux map of Fig. 13 indicates that flow is
diverted laterally 500 m or more to the east between the ground surface and the
repository level at the repository areas. The Ghost Dance fault is acting as a capillary

Fig. 15. Areal frequency and distribution of fracture fluxes within the repository area.
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Fig. 16. Areal frequency and distribution of matrix fluxes within the repository area.

barrier in this simulation, creating a zone of high saturation along its west side. The
average percolation flux simulated over the repository is about 5.5 mmryear, lower than
the average value of 6.7 mmryear of surface infiltration rate over the repository area.

Fig. 14 shows a frequency distribution of percolation flux at the repository. The
frequencies are generated by grouping the vertical flux results for the repository model
nodal areas, counting the totals found in each group, and calculating the percent
contribution relative to the total repository area in each category. On the plots, a node in
the 1 mmryear category has a flux rate in the 0.0 to 1.0 mmryear range. Fig. 14
indicates that the highest flux frequencies, over about 30% of the repository area, have
fluxes within the 2.0 to 4.0 mmryear range. The nodal area with percolation fluxes
greater than 20.0 mmryear comprise only about 1% of the total repository area. 70% of
the repository areas are estimated to have percolation fluxes between 1–6 mmryear.

Figs. 15 and 16 show the frequency and distribution of fracture and matrix flow over
the repository area, respectively. Fig. 15 indicates the highest frequency of fracture flow
within the repository is at the lowest flux range of 1 mmryear or less, which occurs
over 15% of the repository area. Average fracture flow over the repository area is about

Ž .4–5 mmryear. Matrix flow at the proposed repository horizon Fig. 16 is much lower,
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consistent with the densely welded nature of the units. More than 80% of matrix flow at
the level of the repository takes place at rates of less than 1 mmryear. As shown by
Figs. 15 and 16, the percentage of fracture flow is about 80% of the total flow at the
level of the proposed repository. This indicates that fracture flow is the dominated flow
mechanism at the repository level, because of low values of matrix permeability.

5. Concluding remarks

A 3D, site-scale unsaturated-zone model was developed for simulating moisture and
heat flow at Yucca mountain. A systematic study of model verification, calibration and
application was presented in this paper. The model verification and calibration efforts
were performed using field data on moisture saturation, water potentials, and tempera-
tures. The moisture and temperature distributions predicted by the 3D model match with
observed water saturation, water potentials and temperature profiles. The model pre-
dicted that percolation fluxes at the repository horizon are very nonuniformly dis-
tributed, and they are affected by surface infiltration rates, heterogeneity of rock
properties, and faults.

The development of the 3D model and the methodology used in the model calibra-
tions presented in this paper constitute an important step in understanding fluid and heat
flow within Yucca Mountain. This study provides confidence that the 3D site-scale
unsaturated-zone model can incorporate all available field observations; however, there
are still considerable uncertainties in our understanding of the entire hydrogeological
system of Yucca Mountain. This is especially true with respect to the critical areas
including fracture–matrix properties, present-day and future infiltration rates over the
mountain, and conceptual models of fracture–matrix interactions. Future studies will be
needed to more fully understand these phenomena.

In order to reduce the uncertainties associated with UZ flow and transport analyses, it
is necessary to continue the UZ model calibration efforts incorporating all the updated
field data, once they become available. The 3D model calibrations and sensitivity
analysis reported in this paper are part of the continuous efforts to simulate and evaluate
fluid flow and patterns within Yucca Mountain.
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