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Abstract
Characterizing percolation patterns in unsaturated zones has posed a grester challengeto
numerical modeling investigations than comparable saturated zone studies, because of the
heterogeneous nature of unsaturated media as well as the great number of variables impacting
unsaturated zone flow. This paper presents an integrated modeling methodology for
quantitatively characterizing percolation patterns in the unsaturated zone of Y ucca Mountain,
Nevada, a proposed underground repository site for storing high-level radioactive waste. It
takes into account the multiple coupled processes of air, water, heat flow and chemicd isotopic
trangport in Y ucca Mountain’s highly heterogeneous, unsaturated fractured tuffs. The modeling
gpproach integrates awide variety of moisture, pneumatic, thermal, and isotopic geochemical
fied datainto a comprehendve three-dimensond numericd modd for modding anayses.
Modeling results are examined againgt different types of field-measured data and then used to
evduate different hydrogeologica conceptua models and their results of flow patternsin the
unsaturated zone. In particular, thisintegration model provides a much clearer understanding of
percolation patterns and flow behavior through the unsaturated zone, both crucid issuesin
ng repository performance. The integrated gpproach for quantifying Y ucca Mountain's
flow system is dso demongrated to provide a comprehensive modeling tool for characterizing

flow and trangport processes in complex subsurface systems.

Index Terms 1982 hydrology: groundwater hydrology; 1983 hydrology: groundwater
trangport; 1866 hydrology: unsaturated zone
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1. I ntroduction

Since the 1980s, the unsaturated zone (UZ) of the highly heterogeneous, fractured tuff at Y ucca
Mountain, Nevada, has been investigated by the U.S. Department of Energy as a possible
repository Ste for storing high-leve radioactive waste. Characterization of flow and transport
processes in the fractured rock of the Y ucca Mountain UZ has received significant attention and
generated subgtantid interest in scientific communities over the last two decades. During this
period of extensve study, many types of data have been collected from the Y ucca Mountain
UZ, and these data have helped in developing a conceptuad understanding of various physical

processes within the UZ system.

While quantitative evauation of fluid flow, chemica transport, and hegt transfer has proven to
be essentid, the complexity of geologica conditions and physicd processes within the Yucca
Mountain UZ has posed a tremendous chdlenge for site characterization efforts. The need for
quantitative investigations of flow and transport a the Y ucca Mountain Site has motivated a
continua effort to develop and apply large, mountain-scae flow and transport models [e.g., Wu
et al., 1999a and 2002a]. Numerica modds have played acrucid rolein our understanding of
UZ fluid movement in assessing the effects of hydrogeological, geochemica, and thermd
conditions on various aspects of the overal waste disposal system. Whereas |aboratory studies
and field experiments, however necessary, are limited in space and time, numerical modding
provides a powerful means by which to study physical processes on the tempord and spatia
scaes relevant to the understanding of the nuclear waste disposal systemsin a geologica
formation.

Site characterization studies of the unsaturated tuff at the Nevada Test Ste and at Y ucca
Mountain began in the late 1970s and early 1980s. Those early hydrologica, geologicd, and
geophysicd invedtigations of Y ucca Mountain and its surrounding region were conducted to
assess the feagbility of the Site as ageologica repostory for storing high-leve radioactive

waste, and to provide conceptua understanding of UZ flow processes [Montazer and Wilson,



1984]. Soon &fter, as part of the continuing Ste characterization, theoretical studies were
deemed necessary to quantitatively modd unsaturated groundwater flow. The first numerica
modeling effort was made in the middle 1980s to smulate the naturd state of the UZ underlying
Y ucca Mountain, using atwo-dimensona Ste-scde model [Rulon et al., 1986]. Thiswork

was followed by a number of other modeling efforts, focused on more basic-level processes.
Pollock [1986] developed a mathematica mode for andyzing one-dimensiond, verticd
trangport of energy, water, and ar in unsaturated dluvium. Tsang and Pruess [1987] studied
thermally induced convection phenomena near a high-level nuclear waste repository in partidly
saturated tuff, usng atwo-dimensond modd. Weeks [1987] reported a sudy of gasflow inthe

Y uccaMountain 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] developed athree-dimensiona (3-D) ste-scale model that incorporated severd
geologica and hydrological complexities, such as geologicd layering, degree of welding, fault
offsets, and different matrix and fracture properties. The 3-D modd handled fracture-matrix
flow using an effective continuum method (ECM) and was gpplied to evaluate assumptions

concerning faults and infiltration patterns.

Using the ECM concept, Ahlers et al. [1995a, 1995b] continued development of the UZ Site-
scale mode with increased numerica and spatid resolution. Their studies considered more
processes, such as gas and hesat flow anayses, and introduced an inverse modeling approach
for estimating model-input properties. However, more comprehensive UZ models were not
developed until severd years later, when the UZ mode s were developed for Total System
Performance Assessment—Viability Assessment (TSPA-VA) [e.g., Wu et al., 1999a and
1999b; Bandurraga and Bodvarsson, 1999; Ahlers et al., 1999]. Instead of the ECM, the
TSPA-VA mode used a more rigorous dud -permesability numerica gpproach for handling
fracture-matrix interaction, and incorporated additional physical processes such as perched-

water occurrence.



The latest UZ models include those primarily developed for the TSPA-ste recommendation
(SR) cdculaions[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 mode. More importantly, the
newer models have taken into account the coupled processes of flow and trangport in highly
heterogeneous, unsaturated fractured porous rock, and were gpplied to andyzing the effect of
current and future climates on radionuclide transport through the UZ system. The site-scale UZ
flow and trangport models developed during the Site characterization of Y ucca Mountain have
built upon past research aswell as the above-referenced work and many other sudies [e.g.,
McLaren et al., 2000; Robinson et al., 1996 and 1997; Viswanathan et al., 1998;
Sonnenthal and Bodvarsson, 1999; Liu et al., 2003]. In generd, modd development,
benefiting Sgnificantly from extensive fild and laboratory studies of the Ste, has followed an
iterative or trid-and-error approach [Wu et al., 2002a].

Despite the significant progress made in the Site characterization of the Y ucca Mountain UZ
over the last two decades, there is still agenerd lack of comprehensive analyses or integrated
sudies gpplied to the Site. In particular, little effort has been made to make use of dl avalable
datafrom different types and sourcesin one study. Previous investigations, for example, were
focused primarily on individua studies of, separately, moisture deta [e.g., WU et al., 1999g;
2002a)], temperature data [Bovardsson et al., 2003], pneumatic data [Ahlers et al., 1999], or
chloride data[Liu et d., 2003]. How to quantitetively andyze percolation flux in the deep
unsaturated zone, such aswithin the complicated unsaturated fracture-matrix system of Y ucca
Mountain, remains a great chdlenge to investigators. The main difficulties are (1) that
unsaturated percolation flux istoo low to measure directly and (2) flow paths are too
complicated to identify in field studies. To the best of our knowledge, no commonly accepted
goproaches exis for directly measuring or quantifying unsaturated percolation fluxes on the
gpatial and tempora scales of interest to the Y ucca Mountain Project. In an atempt to
overcome these difficulties, we propose a comprehensive, integrated modeling gpproach, which
incorporates everything measured a the Site, including hydrologica, pneumétic, geochemicd,
and thermd data, into asingle numerical modd, for the purpose of andyzing percolation



patterns and behavior.

This paper presents a comprehensive modeling effort to quantify moisture movement a Y ucca
Mountain. The processes under study include moisture flow, natura geochemica or tracer
transport, and gas and hesat flow. These processes account for many variables that have field
measurements for calibrations. Among these processes, the unsaturated moisture flow and
tracer transport a Y ucca Mountain will be discussed in this paper, because they are the
common topics of modeling in thisfield. Those interested in relevant Y ucca Mountain flow and
transport modeling concept are referred to the work by Wu et al. [2004]. Here we present an
integrated modeing methodology for characterizing percolation flux in the unsaturated zone. The
results provide an understanding of percolation patterns and flow behavior within the Y ucca
Mountain UZ under various climates and different hydrogeologica conceptua modes, using the
integrated modeling approach. Firg, this present effort integrates different field-observed data,
such as water potentid, liquid saturation, perched water, gas pressure, chloride, and
temperature logs, into one single 3-D UZ flow and trangport modd. The combined model
cdibration will provide a consstent cross-check or verification of modeled percolation fluxes, as
well as better indght into UZ flow patterns. Second, using the dua-permesbility modeling
gpproach, this integrated modeling effort provides consstent model predictions for different but
interrdlated hydrological, pneumatica, geochemical, and geothermal processesin the UZ. Third,
and most importantly, such an integrated modd will improve our capability and credibility in

describing and predicting current and future UZ conditions and processes.

The modeling study of thiswork conssts of (1) aUZ modd description; (2) model development
and calibration using liquid saturation, water potentia, perched water, and pneumatic data; (3)
smulated percolation pattern analys's; and (4) assessing percolation patterns and flow behavior
using therma and geochemicd data.

2. Hydrogeological Setting, Physical Process, and Conceptualization



The domain of the UZ model encompasses approximately 40 knf of the Y ucca Mountain area,
asshown in Figure 1. The UZ is between 500 and 700 m thick and overliesardatively 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. Geologicdly, Y ucca Mountain is a structurdly
complex system of Tertiary volcanic rock. Subsurface hydrologica processesin the UZ occur in
a heterogeneous environment of layered, anisotropic, and fractured volcanic rocks [Scott and
Bonk, 1984]. These volcanic formations consist of aternating layers of welded and nonwelded
ach flow and ar-fal tuffs. The primary geologicd formations, beginning from the land surface
and progressing downward, are the Tiva Canyon, Y ucca Mountain, Pah Canyon, and the
Topopah Spring tuffs of the Paintbrush Group. Underlying these are the Cdlico Hills Formation
and the Prow Pass, Bullfrog, and Tram tuffs of the Crater Flat Group [Buesch et al., 1995].

For hydrologicd 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), congsting primarily of the Y ucca Mountain and Pah Canyon bedded
tuffs, the Topopah Spring welded (TSw) unit; the Cdlico Hills nonweded (CHnN) unit; and the
Crater Hat undifferentiated (CFu) unit. The hydrogeologica units vary sgnificantly in thickness
and doping over the modd domain (Figure 2).

Conceptual Model of UZ Flow

Over the past two decades, extensive scientific investigations have been conducted for the site
characterization of Y ucca Mountain, including collecting data from surface mapping, sampling
from many deep and shallow boreholes, congructing underground tunnels, and conducting field
testing [e.g., Rousseau, 1998]. Figure 2 presents atypica geologicd profile dong a verticd
east-west transect of borehole UZ-14 (Figure 1), illustrating a conceptua modd currently used
to andyze UZ flow patterns, as well asthe possible effects of faults and perched water on the
UZ system. Asillustrated in Figure 2, the ground surface of the UZ is subject to spatialy and
tempordly varying infiltration pulses from precipitation, 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, with little attenuation in travel times. Once it entersthe 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 intengve fracturing typica of the densdy welded tuffs. With its high porosity and low
fracture intengity, the PTn matrix has alarge capacity for storing groundwater. As aresult,
moigture imbibing into the dry PTn matrix from rapid fracture flow of the TCw may resultin a
more uniform digtribution of flux at the base of the PTn. In fact, the PTn’s cgpatiility to atenuate
episodic percolation fluxes has been observed in fidd 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 aswithin 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 latera flow diversion within the PTn remains atopic of debate. For example, a
recent study using a conceptua model with trangtiona changesin rock properties argues that
latera diverson may be smdl [Flint et al., 2003].

Perched Water

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

Perched water may occur where percolation flux exceeds the capacity of the geologica media
to trangmit vertica flux in the UZ [Rousseau et al., 1998]. Severa conceptua models have
been investigated for explaining the genesis of perched water a Y ucca Mountain [e.g., WU et
al., 1999b and 20024]. The permeability-barrier conceptua modd, for one example, has been



used in UZ flow modeling sudiessince 1996 [Wu et al., 1999b and 20024]. In this conceptua
mode, both vertical and laterd water movement in the vicinity of the perched zonesis
consdered to be controlled mainly by localized fracture and matrix permesbility distributions.
The main assumptions of the permesbility-barrier conceptua mode are that: (1) there are few
large, verticaly connected, potentidly fluid-conducting fractures transecting the underlying low-
permesability units; (2) both vertica and horizontal permesbilities within and below perched-
water zones are smal compared to permesbilities outside perching zones; and (3) sufficient
percolation flux (>1 mm/yr) exigs locdly.

Faults

In addition to possible capillary and permesbility barriers, mgor faultsin the UZ are dso
expected to play an important role in controlling percolation flux. Permegbility within faultsis
much higher than that in the surrounding tuff [Montazer and Wilson, 1984]. Pneumatic
permesbility measurements taken along portions of faults have revealed low air-entry pressures,
indicating that large fracture apertures are present in the fault zones. Highly brecciated fault
zones may act as vertica capillary barriersto laterd flow. Once water is diverted into afault
zone, however, its high permesbility could facilitate rapid downward flow aong faults through
the unsaturated system [Wang and Narasimhan, 1987; Wu et al. 20024]. In this modding
study, mgjor faults are treated as intensively fractured zones.

Heter ogeneity

A congderable amount of field data, obtained from tens of boreholes, two underground tunnels,
and hundreds of outcrop samples at the Site, congtrains the distribution of rock properties within
different units. In generd, field data indicate that the Y ucca Mountain formation is more
heterogeneous verticaly than horizontdly, such that layer-wise representations are found to
provide reasonable gpproximations of the complex geologica system. Many modd calibration
results using this gpproximation are able to match different types of observation data obtained
from different locations and depths [e.g., Bandurraga and Bodvarsson, 1999; Ahlerset al.,
1999; Wu et al., 2002a).



In summary, as shown in Figure 2, the key conceptualizations and assumptions made in this
study for congructing the hydrogeologica mode to andyze UZ flow patterns are as follows.
- Ambient water flow in the UZ system is at a quasi-Steady State condition, subject to
gpatidly varying net infiltration on the ground surface.
Hydrogeologica unitslayers are internaly homogeneous, unless interrupted by faults or
atered.
- There may exig capillary barriersin the PTn unit, causing laterd flow.
Perched water results from permeability barrier effects.
Mgor faults serve as fast downward flow pathways for laterdly diverted flow.

3. Numerical Modeling Approach and Modd Description

Because of the complexity of the UZ geologicad system and flow and transport processes
involved-as well as the highly nonlinear nature of governing equations for UZ flow and
trangport—numerica modeling approaches were used in this study. In particular, the dual-
permeability modeling gpproach has been used for modding fluid (water and gas) flow, tracer
trangport, and heat transfer processes through the fractured tuffs. In addition to moisture data,
this modeling gpproach aso incorporates pneumatic and geothermd dataiin the andyses. Thisis
because the variation in gas pressure isrelated directly to the air permesbiility of fractures, while
the temperature at different depths is sengtive to infiltration and percolation rates a Y ucca
Mountain. Incorporations of field data of these two types provide a verification of modd
predictions and contribute to better understanding of fluid flow a Y ucca Mountain. This section
describes the modding approach for handling fracture-matrix interaction, the numerical scheme
and codes, numericad modd grids, input parameters, and boundary conditions used in thiswork.

3.1 Modding Fracture-Matrix Interaction
Modeling fracture and matrix flow and interaction under multiphase, multicomponent,
isothermd, or nonisothermal conditions has been akey issue for amulating fluid and heet flow in



the Y ucca Mountain UZ. Different modeling approaches have been tested for handling fracture-
matrix interaction at 'Y ucca Mountain [Doughty, 1999]. The dud-continuum (in particular, dua-
permesbility) concept has been the main modding gpproach for modding flow and trangport in
the YuccaMountain UZ [e.g., Wu et al., 19994], because it is able to Smulate transent matrix-
fracture interaction and account for globa flow through matrix blocks, which is consdered
important under low percolation flux.

The technique used in thiswork for handling multiphase flow, tracer transport, and hest transfer
through fractured rock is based primarily on the dua-permeability concept. It considers globa
flow and transport occurring not only between fractures but also between matrix gridblocks. In
this gpproach, one rock-volume domain is represented by two overlapping (yet interacting)
fracture and matrix continua. The fracture-matrix fluid flow is evauated usng the same quas-
steady-state approximeation as in the double-porosity modd [Warren and Root, 1963], which
has aso been extended for estimating loca mass and energy exchange terms between fracture
and matrix sysems [Pruess and Narasimhan, 1985].

When applied in this work, the traditiona dual-permeability concept isfirst modified by using an
active fracture model [Liu et al., 1998] to represent fingering effects of flow through fractures.
Secondly, the dua-permesbility modd is not used for al formation units or model domains. For
example, vitric unitsin the CHn are handled as unfractured, single-porosity matrix only, and
additiond globd fracture-matrix connections a boundaries of vitric units and a the TCw-PTn
and PTn-TSw interfaces are consdered to provide physica transtions for fracture-matrix flow
across these units or domain boundaries. Therefore, the modeling approach is actualy a
physicaly based, hybrid dud-permesbility mode with a combination of dua-continuum and
sngle-porosity medium gpproximations.

3.2  Numerical Formulation and Codes
In the dual-continuum approach, flow, transport, and heat transfer processesin an air-water,

two-phase system of fractured rock are described separately, usng adoublet of governing
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equations, respectively, for the two fracture and matrix continua. This conceptualization results
inasd of partid differentia equations for mass and energy conservation in either continuum,
which are in the same form as that for a sngle porous medium. In this work, the multiphase flow
system, congists of two phases: gas (air) and water, and three mass components: air, water, and

tracer. Richards equation (1931) is considered as a special case of two-phase flow.

Mode cdibration and smulation of this study were carried out using the TOUGHZ2 and T2R3D
codes [Pruess, 1991; Wu and Pruess, 2000]. In these two TOUGH2-family codes, the
integrd finite-difference scheme is used for spatia discretization, and the time discretization is
carried out with a backward, first-order, finite-difference scheme. The resulting discrete
nonlinear dgebraic equations for describing mass (or component) and/or energy conservation
arewritten in aresdua form and solved using the Newtorn/Raphson iteration with an iterative
linear solver. At each time step, iteration continues until convergenceis reached for agiven time,

when the residua at every gridblock is decreased to a preset convergence tolerance.

3.3  Numerical Modd Grids

There aretwo 3-D numericd modd grids used in this study, as shown in plan view in Figures 3a
and 3b. Thetwo 3-D UZ modd grids were generated based on an integrd finite-difference
scheme[Pan et al., 2000], using an irregular, unstructured, 3-D control-volume spatia
discretization. The first numerical grid (Figure 3g) is called the UZ flow modd grid, becauseit is
primarily designed for modd calibrations and investigations of UZ flow and transport. This 3-D
mode grid uses arefined 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 inits plan view in Figure 3bisthe
second 3-D mode grid, covering asmdler model domain, caled the therma mode grid, which
is used for gas flow and ambient heat-flow modding. Also shown in Figures 3aand 3b are the
locations of a number of boreholes, incorporated in mode calibrations and analyses. In both
modd grids, faults are represented in the model by vertical or inclined 30 m wide zones.
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In Figures 3a.and 3b, each gridblock in the x-y plane represents a vertica column defined in the
3-D grid. The 3-D flow mode grid has about 2,042 mesh columns of both fracture and matrix
continua along a horizonta grid layer (Figure 3a), and 50 computationd grid layersin the
vertica direction, resulting in 250,000 gridblocks and 1,000,000 connectionsin a dual-
permesbility grid. This 3-D flow grid is rdaively large and requires extensve computationd
effort for smulation of coupled two-phase flow and heat transfer. Thisis why we designed the
second, rdatively smdler grid, the 3-D therma grid (Figure 3b). As shown in the plan view of
Figure 3b, the therma mode grid domain covers approximately 20 knt of the area. The thermal
mode grid of Figure 3b conssts of 980 mesh columns of fracture and matrix continua, 86,440
gridblocks, and 350,000 connections in a dua-permeability grid. Verticaly, the therma grid has
an average of 45 computationd grid layers.

34  Modd Input Parameters

Since Richards' and two-active-phases flow equations are used in modeing unsaturated flow of
water and air through fracture and matrix, relative permesbility and capillary pressure curves are
needed for the two media. In addition, other intringc fracture and matrix properties are dso
needed, such as porosity, permesbility, density, and fracture geometric parameters, aswel as
rock thermal properties. In our modeling study, the van Genuchten models of relative
permegbility 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 modd layer or hydrogeologica subunit (Wu et al., 2003) include (1)
fracture properties (frequency, spacing, permesbility, van Genuchten a and m parameters,
porosity, fracture-matrix interface area, and resdud saturation); (2) matrix properties (porosty,
permegbility, the van Genuchten a and m parameters, and residua saturation); (3) therma and
transport properties (grain density, wet and dry therma conductivity, grain specific heat, and
diffuson and tortuosity coefficients); and (4) fault properties for each of the mgjor
hydrogeologic units.



The modd input parameters for fractured and matrix rock were determined by two steps: (1)
using field and laboratory measurements[Liu et al., 2003a] and 1-D model inversion results
[Liu et al., 2003b] asaninitid guess, and (2) conducting a 3-D model forward cdibration, as
discussed in the next section. Adopting a hybrid, dua-permesability gpproach, wetreat dl the
geologicd units, including fault zones, as fracture-matrix systems (except for vitric zones, which
are treated as single-porosity mediua).

3.5 Maode Boundary Conditions

The ground surface of the mountain (or the tuff-aluvium contact in the area of sgnificant dluvid
cover) istaken asthe top model boundary, while the water table is treated as the bottom model
boundary. For flow smulations, net infiltration is gpplied to fractures dong the top boundary
using a source term. The bottom boundary at the water table is trested as a Dirichlet-type
boundary. All the lateral boundaries, as shown in Figures 1, 3a, and 3b, are treated as no-flow
(laterdly closed) boundaries. No-flow boundaries should have little effect on moisture flow and
radionuclide transport within or near the repogitory 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 top-soil layer of the
mountain, is the most important factor affecting the overal hydrologica, geochemicd, and
therma-hydrologica behavior of the UZ. Net infiltration is the ultimate source of groundwater
recharge and degp-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 a Y ucca Mountain, we have incorporated a
total of nine net infiltration maps, provided by U. S. Geologicd Survey (USGS) scientists
[Heves and Flint, 2000; Forrester, 2000], into the mode, These infiltration mapsinclude
present-day (modern), monsoon, and glacid trangtion—three climatic scenarios, each of which
consists of lower-bound, mean, and upper-bound rates, as summarized in Table 1, for average

rate vaues over the flow modd domain.
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As shown in Table 1, the average rate for present-day, mean infiltration with the flow modd grid
(Figure 3a) is4.4 mm/yr digtributed over the flow model domain, which is consdered asa
base-case infiltration scenario. By comparison, the therma modd grid has an average net
infiltration rate of 3.6 mm/yr distributed over the smdler domain (Figure 3b) for the present-day,
mean infiltration case. Note that only the present-day, mean infiltration scenario is used with the
therma grid for gas flow and ambient thermd studies. (Using lower- and upper-bound
infiltration values in flow modeling isintended to cover possible higher or lower rates) Thetwo
future Y ucca Mountain climatic scenarios, the monsoon and glacid trangtion periods, are used
to account for possible higher precipitation and infiltration conditions in the future. A plan view
of the patid didtribution of the present-day mean infiltration map, as interpolated onto the flow
mode grid, is shown in Figure 4. The figure shows paiterns of flux distributions with higher
infiltration ratesin the northern part of the model domain and from south to north ong the
mountain ridge east of the Solitario Canyon faullt.
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4. Model Calibration

The complexities of the heterogeneous geologica formation at the Y ucca Mountain UZ,
combined with the many variables needed to account for in coupled UZ flow and trangport
processes, have posed serious challenges to numerical modeling investigations. For example,
past modeling experiences have shown that one cannot smply input field- and laboratory-
measured parameters or 1-D mode inverted properties directly into 3-D models and expect
reasonable smulation results. Thisis because of the many uncertainties and significant
differencesin those input parameters with respect to their patid and temporal scales of
measurements. Without further cdibration, those parameters observed or determined on one
gpatial scae arein genera inappropriate for use at another scale. In generd, a proper model
gpproximation of the actual physical system requires mode calibration on the same modd scale,
from conceptua modelsto modd parameters, as well as an accurate description of the physical

processes involved.

A totdl of 18 flow smulation scenarios are studied in thiswork, aslisted in Table 2. The 18 3-D
flow smulations are decided by 9 (infiltration maps, Table 1) multiplied by 2 (parameter sets,
one base case and one dternative). The classfication of base-case and dternative parametersis
based on model cdibration results from different parameter sets of different PTn conceptua
models, because the base-case parameter models provide a better overall match to field data
than the dternative properties, as shown below. The difference between the base-case and
dternaive scenarios is the implementation of different PTn properties, i.e., using two different
PTn conceptual moddls, as discussed in the next section for flow pattern andlysis. The
objectives of investigating alarge number of 18 3-D flow scenarios are (1) cover various
uncertainties and possibilities of the UZ flow patterns, and (2) investigate the effects of
uncertainties with estimated infiltration rates and mode parameters on smulated percolaion
fluxes, under current and future climates and different conceptua models. Note that flow
amulation results, with different infiltration rates and parameter sets, are steady-dtate solutions of

flow amulation scenarios.
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The modd cdibrations for thiswork rely on field-measured matrix-liquid saturation, weter
potentia, perched-water, and pneumatic data. Liu et al. [2003b] provide basic input
parameters for fracture and matrix rock for starting modeling effortsin this paper. However,
these properties were estimated through a series of 1-D model inversonsin which latera
diversion, perched-water, and capillary barrier effects cannot be modeled. Use of a 3-D mode
dlows further parameter adjustment to better match field observation data and avoid unphysica
solutions. Among the various types of available data used in UZ modd development, the
moisture data related to matrix-liquid saturation and water potentias, 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 mode calibration
efforts[e.g., Ahlers et al., 1995a and 1995b] and provide abasis for current estimation of
permesbility and van Genuchten parameters, both for 1-D inverse modeling [Liu et al., 2003b]
and 3-D cdlibration [Wu et al., 2003].

Table 3 summarizes field-measured data used in mode calibration, as observed from 25
boreholes and two underground tunnels (ESF and ECRB). These data include moisture data
(matrix liquid saturation, matrix water potentids, and perched-water elevations), borehole
temperature logs, borehole pneumétic or gas pressure measurements, and geochemica chloride

data.

This section presents cdibrated parameters after adjustment through a series of 3-D model
cdibrations. The adjusted parameters include fracture-matrix properties of the top TSw layer,
the entire PTn unit, and perched-water zones, as well as fracture permesabilitiesin the upper
TSw layers. The 3-D modd calibration efforts were performed in a series of forward 3-D
smulations, starting with the three sets of 1-D modd calibrated parameters corresponding to
three rates of lower bounds, means and upper bounds of infiltration [Liu et al., 2003b]. Then,
mode results were compared with field-observed data for matrix liquid, water potentid,

perched-water €levations, and gas-pressure measurements.
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Comparison with Liquid Saturation and Water Potential Data: Characterizing moisture
movement is the essentia issue a Y ucca Mountain. Field-measured moisture data regarding
matrix-liquid saturation, water-potential data and perched-water data below are the actud site-
specific information for modd cdibrations. Here we summarize our results from our flow
modeling. More discussion on flow and trangport modding is given in Wu et al. (2004). Fied
data for measured matrix-liquid saturation, water-potential data, and perched-water elevations
are compared againgt 3-D model results from the nine base-case smulations. Matrix-liquid
saturation, water-potential, and perched-water data used for these comparisons were taken
from eleven boreholes (Table 3, Figures 1 and 34). Figure 5 compares, as an example,
smulated and observed matrix-liquid saturation aong the vertical column (representing borehole
SD-12), from the UZ flow model results with three mean infiltration scenarios. Figure 6 displays
a comparison with water potentias for WT-24. In generd, the Smulation results from the
cdibrated

3-D modd arein good or reasonable agreement with the measured saturation and water-

potentid profilesfrom al the boreholes, as shown in Figures 5 and 6.

Comparison with Perched-Water Data: As discussed above, to calibrate the 3-D UZ mode
againgt observed perched-water conditions at Y ucca Mountain using a permesbility-barrier
concept [Wu et al., 1999b], some local modification of fracture-matrix propertiesis necessary.
At the sametime, calibration againgt perched-water data provides arare opportunity to estimate
localized heterogeneity in fracture-matrix parameters near and at perched zones. Otherwise, this

heterogeneity would be unknown.

During perched-water calibration, measured perched-water elevations from al the perched-
water boreholes are compared to 3-D modd smulation results with the three mean infiltration
rates of the three climates. Figures 5 and 6 aso show two examples of comparisons between 3-
D modd-smulated and observed perched-water eevations adong the two vertical columns,
representing boreholes SD-12 and WT-24 by the 3-D UZ model. Modd calibration results, as

17



indicated by Figures 5 and 6, indicate that the 3-D modd predicts fully saturated and zero water
potential conditions at perched levels for the two boreholes, matching field measured perched-
water data

Comparison with Pneumatic Data: Cdlibration of the 3-D UZ model to pneumatic data or
gas flow provides apractica method of estimating large-scae fracture permesbility within the 3-
D UZ system. It should be mentioned that because of the low percolation flux et the Site,
moisture data are found to be insengtive to fracture properties under ambient infiltration
conditions and are insufficient for estimating fracture permesbility. In addition, a UZ flow moded
cgpable of modding gas flow is particularly important for studies of thermd loading, ar
circulation, and trangport of gaseous-phase radionuclides after waste emplacement in the Y ucca

Mountain UZ.

Gasflow cdibration is carried out under a steady-state water flow with the present-day-mean
infiltration scenario and by matching field-measured pneumétic data from five boreholes of Table
3. In doing so, fracture permesahility needs to be modified from values estimated by the 1-D
inverse mode for certain 3-D modd layers. In these cdlibrations, the gas flow model usesthe
UZ thermd modd grid (Figure 3b), with smilar boundary conditions as those in the flow mode
for infiltration and temperature prescribed on the ground surface and water table. Additiona
pneumatic boundary conditions are needed on the land-surface boundary for the gas phase,
gpecificaly as the time-dependent gas-pressure conditions, based on measured atmospheric
barometric pressure data. Since gas flow is amuch more rapid process than liquid or heat flow
in the UZ, water flow during pneumatic cdibration is assumed to be at Steady-sate conditions,
determined by steady-gtate flow smulation results under the present-day mean infiltration

scenario.

Comparison of mode smulation results and field-measured pneumatic data for boreholes UZ-
7aisshown in Figure 7. The 3-D pneumatic smulation was run usng atwo-phase liquid and

gas flow module of the TOUGH2 code [Pruess, 1991]. Modd cdibration results indicated that
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some modification of rock propertiesin severd TSw layers was necessary to match field-
observed gas pressures. In particular, the fracture permeability of severad TSw subunits,
estimated by the 1-D model, needs to be reduced by afactor of 15. The lower fracture
permeability needed for the 3-D modd may be attributed to the original fracture permesbility
being estimated from inverson of 1-D models, dlowing for 1-D vertica flow pathsonly. Ina3-
D modd, some high-gas-flux channels may exigt, such as through faults or highly fractured
zones, and 3-D gasflow is able to follow these high-permesbility pathways with the least
resstance. This aso showswhy 3-D mode cdibration is necessary for UZ mode devel opment.

In generd, the Smulation results demongtrate a good match with measurement data for this
borehole. Many comparisons between moded-smulated pressures and field measurements have
been made with and without fracture-permesbility modifications, and the results show that the
cdibrated 3-D mode has improved the match of the observation data from for adl pneumatic
data boreholes. Overdl, areduction by afactor of 15 for the TSw fracture permesbility
provides a better fit to observed pneumatic data for dl locations and al time periods. The good
match in Figure 7 indicates that after cdibration, smulated gas pressures and their patterns of

variations are consstent with observed values.

In addition to the mode cdibration efforts discussed in this section, many modd verification
studies have been carried out using moisture, pneumeatic, temperature, field water injection and
tracer-release testing, and geochemica data (Wu et al., 2003). These verification data have

a so been observed from boreholes and underground tunnels, but have not been used for model
cdibration for the base-case present-day infiltration flow scenario. In dl the verification cases,
the UZ flow mode results have been shown to be in agreement with the field data

5. Flow Patterns and Analyses
The primary objective of modding UZ flow a Y ucca Mountain is to estimate percolation flux
through the UZ system. This is because percolation is the most critical factor in assessng overdl

repository performance under current and future climates. However, in situ percolation fluxes
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of unsaturated flow at the Ste are in genera too low to measure directly. Therefore, indirect
data and mode results are needed to estimate these flux values and their digtributions. Even with
the considerable progress made so far in characterizing the Y ucca Mountain UZ through
intensive geologica, hydrological, and chemica studies, accurate estimates of percolation flux
within the UZ remain a scientific chalenge.

Past studies[e.g., WU et al., 200248 have shown that it is very difficult even to quantify the
range of percolation fluxes by using hydrologica dataaone. Percolation patterns ingde the UZ
strongly depend on infiltration rates and their spatid distribution, among other factors.
Therefore, over the past two decades, significant research has been devoted to estimating
infiltration rates [e.g., Flint et al., 1996; Hevesi and Flint, 2000; Bodvarsson et al., 2003].
From these studies, the best estimates of present-day mean infiltration rates across the study
areaare in the range of severd millimeters per year over the modd domain. To further assess
smulated UZ percolation fluxes for their relevance and reasonableness, this section presents
percolation fluxes amulated by the cdibrated

3-D UZ flow modd and examines these percolation fluxes and their patterns using fidd-

measured temperature and pore-water chloride data

51 Simulated Percolation Fluxes

Per colation Patterns at Repository: Percolation fluxes at the repository horizon, as predicted
using the 18 3-D UZ flow smulation results of Table 2 with nineinfiltration maps (Table 1), are
used for ingght into percolation paiterns. Percolation flux is defined astotd vertica-liquid mass
flux through both fractures and matrix, and is converted to millimeters per year (mm/yr) per unit
areaudng a constant water dengty. Figures 8 and 9 present two examples of percolation fluxes
smulated at the repository leve for the present-day climate (Figure 4) by the base-case and
dternative models, respectively. A comparison of the calculated repository percolation fluxes
(Figures 8 and 9) with the surface infiltration map (Figure 4) indicates that percolation fluxes a
the proposed repository are different from surface infiltration patterns.
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The mgor difference between percolation fluxes at the repository leve (as shown in Figure 8)
and surface infiltration patterns (Figure 4) are: (1) flow focusing into faultsin 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) about a500 m laterd flow
of the high-infiltration zones to the east from south to north dong the cres, asillustrated by the
“latera flow scale’ on Figure 8. Note that flow redidtribution or focusing in the very northern
part of the model domain (beyond the repository block) results from the repository grid-layer
horizon laterdly intersecting the CHn zeolitic and perched-water zones, where mgjor flow paths
are through faults. On the other hand, the smulation results (Figure 9) with the dternative flow
mode shows a high flux digtribution, a distribution very smilar to that shown on infiltration maps
(Figure 4) in the middle (except for the very northern part) of the model domain along the north-
south mountain crest. Thus, from the aternative modd results, smaler laterd flow occursin the
PTn in the area above the repository.

Further examination of dl smulated fluxes at the repogitory leve indicates that the lower the
infiltration rates, the larger the latera flow scales. This confirms that a substantia amount of
large-scae laterd flow within the PTn unit is caused by capillary barriers. Thisis because the
lower infiltration resultsin “drier” conditions and stronger contragtsin capillary forces[WuU et
al., 2002b]. In comparison, the simulation results with the nine dternative flow fields show
relatively smal PTn latera flow occurrence in the area above the repogtory.

Percolation fluxes within the repository footprint can be further andyzed using a frequency
distribution that displays the average percentage of the repository area subject to a particular
percolation rate. In this satistica andyd's, percolation rates are normaized with respect to the
average infiltretion rate for the climate scenario. For example, the flux rates are normdized by
4.4, 11.8, and 17.0 mm/yr (Table 1), respectively, for the three mean infiltration scenarios. The
datidicd information of flux distributions is important to smaller-scae modding studies of flow
and trangport and flow-focusing phenomena throughout the UZ. Furthermore, the frequency
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digtribution of normdized percolation fluxes within the repogtory horizon from the 18 smulated
flow-fidld analyses can be used to define a cumulative flux-frequency digtribution, as shown in
Figure 10, displaying a regresson curve that incorporates the 18 flow fields. The cumulative
frequency of Figure 10 can be used, for example, in selecting ambient flow-boundary conditions
for samdler-scde modding. The regression curve, with the equation given on the figure, may be
used to correlate cumuletive 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. Thisindicates that 60%, 88%, and 99% of the repository
blocks are subject to lessthan-normalized fluxes of 1, 2, and 5, respectively.

Per colation Patter ns below Repository: Percolation fluxes below the repository horizon play
acriticd rolein controlling the migration of radioactive waste from the repository to the water
table. Figure 11 shows an example of the Smulated percolation fluxes at the water table, usng
the base-case modd flow smulation with the present-day, mean infiltration scenario. When
compared to percolation fluxes a the repository for the different model results and infiltration
scenarios, percolation fluxes at the water table reveal more flow focusng into faults while
traveling through the CHn unit. Thisis caused by the impact of perched water and low-
permeghility zealitic units on flow paths through these lower units. Similar flux digtributions and
patterns at the water table are also seen for both base-case and aternative modd flow fields
under different climates, as compared with Figure 11, which is primarily caused by strong
effects of faults, zeolites, and perched-water zones in the CHn. These results show the PTn
conceptua model makes an inggnificant difference in flow below the repository or through the
CHn unit.

In addition to looking at flow smulation results for ingght into flux patterns below the repository
or a 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 aso be identified using tracer-
trangport-smulation results. To assess tracer trangport from the repository to the water table,
we used two types of tracers, conservative (nonadsorbing) and reective (adsorbing), in this



Sudy. Aninitia, constant-source concentration was specified for the fracture continuum
gridblocks representing the repository, released a the starting time of smulation. In addition,
hydrodynamic/mechanica dispersion through the fracture-matrix system isignored, because
sengtivity sudies have indicated that mechanica digperson has an inggnificant effect [Wu et al .,
20024]. A constant molecular diffusion coefficient of 3.2 x 10™ né/sis used for the
conservative component, and 1.6 x 10%° n¥/sis selected for the reactive component. For the
conservative tracer, Kq = 0, and for the reactive tracer, K4 = 4 cc/g for zeolitic matrix, Kq =1

cc/g for other matrix rock in TSw and CHn units, and K4 = O for dl fractures and other units.

Tracer trangport modeling was conducted with the T2R3D code [Wu and Pruess, 2000] using
the same flow modd grid (Figure 38) and the dua-permeahility gpproach for fracture-matrix
interaction. In transport Smulation, isothermal, unsaturated, steady-state flow fields of Table 2
were used as direct input to the T2R3D.

Figures 12 and 13 show cumulative and normaized mass-arriva contours a the water table at
1,000 years for the conservative and reactive tracers, respectively. The cumulative and
normalized mass arrivd is defined as cumulative mass that arrives a each grid column (or block)
of the water table over time, normdized by the totd initial mass released at the entire repository.
The two figures present examples of breskthrough at the water table for conservative and
reactive tracers under the present-day, mean infiltration rate (preq_mA). The two figures clearly
indicate a Sgnificant difference between the two tracer-modeling resultsin distributions of tracer
mass arrivals aong the water table. Figure 12 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 the east in the north. At thistime, about 40% of the total
initid mass of consarvative tracers has arrived a the water table. At the same time, only about
2% of the reactive tracer breaks through, and only aong and near the mgor faults (Figure 13),
owing to adsorption effects in the rock matrix. Smilarly, breakthrough areas can be identified in
different grid layers a different times, which indicate tracer trangport paths or flow pathways
below the repogitory.
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5.2  Flow Pattern Analyses

Simulated percolation fluxes, as discussed above, are modd results only. Their accuracy and
relevance for representing actua UZ percolation needs further examination. This section
presents a quantitative evauation of such amulated percolation fluxes estimated from the large-
scae 3-D UZ flow modd. In particular, 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 sengitive to deep percolation than other types of data collected from the Site.

Examination Using Bor ehole Temperature Data: The Ste-scde UZ modding investigations
have relied on an ambient therma mode to smulate large-scale heat flow and geotherma
conditionsin the YuccaMountain UZ [Wu et al., 19993]. In generd, the therma model
represents ambient geotherma and moisture conditions, which in turn representsinitia and
boundary conditions for the mountain-scale or drift-scae therma-hydrologicd, thermal-
hydrologica-chemica, and thermal-hydrol ogica-mechanica coupled-process models [Wu et
al., 2003]. A recent study [Bodvarsson et al., 2003] shows that borehole temperature data are
very useful in estimating percolation flux vaues in the UZ and provide an independent
examination of the ranges for estimated surface net infiltration rates and Smulated percolation

fluxes.

In this study, heat flow smulations use a 3-D thermd modd grid (Figure 3b), base-case UZ
mode parameters, and present-day mean infiltration rate to Smulate advective and conductive
steady-state heat-transfer processes within the UZ. The main objective here isto andyze 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 corrdate surface temperature with eevation, thus describing initia surface
temperature conditions [WWu et al., 1999a]. Temperature distributions at the bottom boundary
of the therma modd are taken from deep-borehole-measured temperature profiles [Sass et al .,
1988] for an initid guess of the water-table-boundary temperature contours. Then, initialy
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estimated ground surface and water table temperatures are further calibrated by comparing

mode results with field temperature measurements.

Under steady-state conditions, temperature profiles or geotherma gradients within the UZ are
controlled by regiona geothermal and westher conditions. In addition, these profiles and
gradients are d o related to formation therma conductivity, net infiltration rates, and deep
percolation fluxes. In therma caculaions, the surface net infiltration rate is fixed, based on the
U. S. Geologicd Survey esimation map (Table 1), and the temperatures from the initidly
specified vaues dong the top boundary are dightly adjusted. These adjustmentsresult in a
better match with observed borehole data. The rationale behind the adjustment is, fird, that
insufficient temperature data were collected along the UZ moded boundaries for accurate
description of temperature distributions along the boundaries. Second, under steady-dtate
moisture and hesat-flow conditions, both top and bottom boundary temperatures vary spatidly,
but are congtant with time, which leaves room for adjustments to fit steady-state temperature

profiles measured from boreholes.

Figure 14a shows amodd cdlibration result usng measured temperature profilesin Sx
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 smulated temperatures
for dl sx boreholes. Note that near the ground surface in the boreholes, observed temperatures
show sgnificant seasond variations, which cannot be captured by the steedy-state heat flow
mode. However, these seasond changes in surface temperature have little impact on steedy-
date heet flow and field measured temperature profilesin the deeper (more than 20 m) UZ.
Field data, as well as comparisons with steady-state Smulation results in Figure 143, indicate
that the ambient geotherma conditions can be gpproximated as steady state on the large-scde
model. Figure 14b presents the digtribution of averaged temperatures estimated on the mountain

ground surface.

Matching measured temperature profiles usng smulation results aong these boreholes at
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different locations, as shown in Figure 14a, implies that percolation fluxes (aswell astheir spdtid
digtributions estimated by the 3-D UZ model) are within a reasonable range of the actud
percolation in the UZ. Otherwise, the study by Bodvarsson et al.[2003] indicates that if the
surface infiltration rate is increased or decreased by afactor of 3 or more, temperature profiles
can generdly no longer be fitted by a 3-D moddl. Thisis because on average, a percolation flux
of 5 mmvyr carries out about 10 mW/n¥ of downward heat convection, which is about 25% of
upward heat conduction, ~ 40 mW/n? [Sass et al., 1988] through the UZ by ambient
geothermal gradients. Any large increase or decrease (e.g., by afactor of 2 or more) of
infiltration or percolation flux vauesin the modd will lead to sgnificant changes in downward
heat convection or in geothermd gradients, such that mode results will significantly deviate from
observed temperature profiles.

Examination Usng Geochemical | sotopic Data: The methodology for analyzing percolation
flux using geochemica pore-water chloride (Cl) datais based on modding studies of chloride
transport processes in the UZ under different infiltration scenarios. Here we discuss the detailed
rationae for usng Cl to congrain the percolation fluxes. The results of Cl transport modding is
briefly described; more detalled discusson isfound in Wu et al. [2003; 2004].

While field-measured moisture data are found to be relatively insengtive to percolation vaues,
geochemicd isotopic data provide valuable information by which to analyze the UZ system and
help congrain or cdibrate 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; Wu et al., 2003]. The distribution of
isotopic chemica congtituents such as chloride (CI) in both liquid and solid phases[Lu et al.,
2003] of the UZ system depends on many factors, such as hydrologica and geochemica
processes, surface precipitation, evapotrangpiration, fracture-matrix interactions of flow and
trangport, and the history of climate changes and recharge. Therefore, the current status of
chemica components exigting within the UZ, as measured from the Site, will reved some of the
past and current percolation patterns, dong with their spatia variations.
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Measurements of chloride concentration data were made from pore waters extracted from field
samples[Fabryka-Martin et al., 2002; Yang et al., 1996 and 1998] collected from a number
of surface-based boreholes and two underground tunnels, the Exploratory Studies Fecilities
(ESF) and the Enhanced Characterization of Repository Block (ECRB) (Figures 1 and 33). The
source recharge of chloride on the ground surface to the transport modd is estimated using
precipitation, runon, and runoff [Sonnenthal and Bodvarsson, 1999], and isimposed on the
top boundary under different infiltration scenarios.

All Cl trangport smulations were run using the T2R3D code for 100,000 years to approximate
the current, steady-state condition under the infiltration scenarios considered. Chloride istrested
as a consarvative component trangported through the UZ, subject to advection, diffusion, and
firs-order delay. The mechanica disperson effect through the fracture-matrix system was
ignored. A constant molecular diffusion coefficient of 2.032 "~ 10° n/sis used for CI matrix

diffuson.

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 3-D flow fields (Table 2), i.e,
the base-case (A) and dternative models (B) use the same surface infiltration maps. For
example, the same present-day mean infiltration scenario leads to two flow fieds preq mA of
the base case and preq. mB of the dternative. Thisresultsin atotd of ax 3-D flow fiddswith
three base cases and three dternatives, based on different parameter sets of different PTn
conceptua models. Therefore, the difference predicted by the two flow-field results under the
same infiltration scenario (e.g., preq. mA and preg_mB) isafunction of input parameters or
conceptud modes. On the other hand, the difference in modd predictions with the same
conceptua models of base cases (i.e., preg A, preq mA, pregq UA) or dternatives (preg_|B,
preq_mB, preq_uB) with different infiltration scenarios results from the effects of infiltration
rates. By comparing mode! results with field observed chloride data using different parameter
Sets (or conceptud models) and infiltration rates, it may be possible to identify more suiteble
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conceptud modds aswell asto estimate the range of net infiltration rates.

The modeled chloride concentrations and their field measurements are represented in Figures 15
and 16 for boreholes UZ-14 and one underground tunndl of ECRB, respectively. As shown in
the figures, modded chloride digtributions in the UZ are very sendtive to both conceptud
models and net surface infiltration rates. Comparisons of smulated and measured chloride
concentrations in Figures 15 and 16 indicate that the smulations (preq_mA) for mean infiltration
of the base-case model have overdl better matches than the aternative moddl results
(preq_mB). It is aso shown that base-case model results (preq_UuA) with upper-bound
infiltration give reasonable matches, compared to the mean infiltration results (preqg_mA), while
model results using lower-bound rates give the poorest fit. In generd, high net infiltration results
in lower chloride concentrations, whereas lower net infiltration gives high chloride concentrations
within the UZ.

Figures 15 and 16 show that smulation (preg_|A) of chloride transport with the base-case,
lower-bound infiltration overestimates Cl concentrations on the top of the PTn and
underestimates at the bottom layers (about an 800 m eevation). In borehole UZ-14 (Figure
15), upper and mean results (i.e., preq_ mA and pregq_UA) are Smilar to observations. At
borehole SD-9 and ESF, results demondrate that neither lower infiltration rates (preq _|A) nor
dternative model results (preq_IB, preq_mB, and preq_uB) could match the measured Cl data
well [Wu et al., 2004]. Figure 16 presents sample comparisons between smulated and
observed chloride concentrations along an underground tunnd (ECRB). Similar results are dso
shown dong the ECRB tunnel (Figure 16), i.e,, lower infiltration rates and the dternative model
give poor results compared with observations. Comparisons between the mode results for
chloride digributions, using the six different flow modeling scenarios, can be useful in
digtinguishing which infiltration map or conceptua mode is more gppropriate for Ste
Characterization.

In comparing Smulated chloride distributions using the base-case modd with the dternative
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modds (Figures 15 and 16), we find that the base-case flow fidld Smulation 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 dternative flow
fieldsiswhether there islarge- or small-scale laterd flow within the PTn unit, with the base-case
flow fields, in generd, predicting rdaively large laterd diverson. The modd cdlibration results
using chloride data show that large latera diverson may exigt in the PTn unit. Neverthdess, this
study demonstrates that pore-water chloride provides additional evidence for understanding
PTn flow, which has a direct impact on chloride trangport and distributions.

6. Concluding Remarks

This paper presents an integrated modeling approach for alarge-scae study characterizing
percolation patternsin the unsaturated zone of Y ucca Mountain, Nevada, a proposed
underground repository site for storing high-level radioactive waste. The integrated modeling
gpproach, based on a dua-continuum formulation, takes into account the multiple coupled
processes of (air, water, and heat) flow and (chemica isotopic) transport in Y ucca Mountain's
highly heterogeneous, unsaturated fractured tuffs, and incorporates awide variety of fid data
into a comprehensive 3-D UZ flow modd.

In the integrated anayses, modd-smulated percolation fluxes are examined againgt different
types of field-measured temperature, pneumatic pressure, and pore-water chloride, and matrix
saturation and weter potential data to increase the confidence and rdliability of mode
predictions. The modding investigations are conducted to provide an understanding of
percolation patterns and flow behavior through the unsaturated zone, which are crucid issuesin
asessing repository performance. In addition, this paper discusses the methodology used for
developing the numerica mode and conducting large-scale modding investigetions at Y ucca
Mountain, including model calibration procedures.

Supported by field-observed temperature and chloride data, the smulations of percolation
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fluxes lead to severd ingghtsinto complex flow patterns through the UZ system. Firgt, within the
PTn unit, there may exig sgnificant laterd flow diverson towards the eastern direction as well
as flow focusing into mgor faults, because of a capillary barrier effect. Second, dl the flow-
modding casesindicate Sgnificant laterd flow diverson occurring & the CHn, resulting from the
presence of perched water or thick low-permeability zeolitic layers. Under the current
conceptudization, faults act as mgor flow paths through the CHn or below the repository
horizon. The modeled percolation fluxes and their digtributions show that fracture flow is
dominant in the welded tuff, both at the potentid repository horizon and at the water table.

This study summarizes our current research effort to characterize UZ flow patterns at Y ucca
Mountain. Even with the sgnificant progress made in quantitative eva uation of UZ flow and
transport processes at the Ste using numerical moddls over the last two decades, there are il a
number of limitations and uncertainties with these models and their results. In generd, accuracy
and rdiability of UZ dte-scde models and smulation results are criticaly dependent on the
accuracy of estimated model-related properties and other types of input parameters, aswell as
hydrogeologica conceptud modeds. The main limitations and uncertainties with the current UZ
dte-scale models are (1) the lack of in-depth knowledge of the mountain system (including the
geologica and conceptud modds and the availability of field and laboratory data), and (2) the
gpproximations of alarge volume-averaged modeling approach. As aresult, continuing research

effort is il needed toward a better understanding of the Y ucca Mountain UZ system.
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Table 1. Climate scenarios and infiltration rates (mm/year) averaged over the flow model

doman
Climate Scenario Lower-Bound [Mean Upper-Bound
Infiltration Infiltration Infiltration
Present-Day/Modern (1.3 4.4 10.7
M onsoon 4.4 11.8 19.2
Glacial Transition 2.4 17.0 31.7
Table 2. Nine base-case and nine dternative sSimulation scenarios associated with

parameter sets and infiltration maps

Designation/Simulation* Infiltration Rate/Climate Scenario
Base-Case’ | Alternative”
preq_lA preq_IB Present-day, lower-bound infiltration
preq_mA preq_mB Present-day, mean infiltration
preq_uA preq_uB Present-day, upper-bound infiltration
mong_IA mong_|B Monsoon, lower-bound infiltration
mong_mA mong_mB Monsoon, mean infiltration
mong_uA mong_uB Monsoon, upper- bound infiltration
glag_IA glag_IB Glacial transition, lower-bound infiltration
glag_mA glag_mB Glacial transition, mean infiltration
glag_uA glag_uB Glacial transition, upper-bound infiltration

" A denotes base-case and B alternative flow scenarios; |, m, and u stand for lower, mean,
and upper bounds of infiltration rates for each climate scenarios, respectively.

* The base-case simul ations are based on the base-case parameter sets; while the alternative
simulations are done using the alternative parameter sets.



Table 3.

The fidld-measured data used in modd cdibration, including moisture data
(matrix liquid saturation, matrix water potentias, and perched-water eevations),
and pneumatic data, as observed from 14 boreholes and one underground
tunnel of the Enhanced Characterization of Repository Block (ECRB)

Borehole or | Liquid Water Perched | Gas
Tunnel Saturation | Potential | Water Pressure
G-2 v

NRG#5 4
NRG-6 v

NRG-7a 4 v 4
SD-6 4 v

SD-7 v v v
SD-9 4 v

SD-12 v v v v
uz-1

Uz#4 4

uz-7a v
Uz-14 4 v

UZ#16 4

WT-24 4 v v

ECRB 4
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Morthing in metars

Figure 1. Pan view of the UZ mode domain, showing the modd boundary, the potentid
repository outling, mgor fault locations, the paths of the ESF and ECRB, and
selected borehole locations
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Figure 2. Schematic showing the conceptualized flow processes and effects of capillary
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section of the UZ flow modd domain
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Temperature Distribution at Land surface
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