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This study characterizes layer- and local-scale heterogeneities in hydraulic parameters (i.e.,
matrix permeability and porosity) and investigates the relative effect of layer- and local-scale
heterogeneities on the uncertainty assessment of unsaturated flow and tracer transport in the
unsaturated zone of Yucca Mountain, USA. The layer-scale heterogeneity is specific to
hydrogeologic layers with layerwise properties, while the local-scale heterogeneity refers to
the spatial variation of hydraulic properties within a layer. A Monte Carlo method is used to

5‘1‘;’::;1; ed flow and tracer transport estimate mean, variance, and 5th, and 95th percentiles for the quantities of interest (e.g., matrix
Heterogeneity saturation and normalized cumulative mass arrival). Model simulations of unsaturated flow are
Layer scale evaluated by comparing the simulated and observed matrix saturations. Local-scale
Local scale heterogeneity is examined by comparing the results of this study with those of the previous
Uncertainty analysis study that only considers layer-scale heterogeneity. We find that local-scale heterogeneity
Travel time

significantly increases predictive uncertainty in the percolation fluxes and tracer plumes,
whereas the mean predictions are only slightly affected by the local-scale heterogeneity. The
mean travel time of the conservative and reactive tracers to the water table in the early stage
increases significantly due to the local-scale heterogeneity, while the influence of local-scale
heterogeneity on travel time gradually decreases over time. Layer-scale heterogeneity is more
important than local-scale heterogeneity for simulating overall tracer travel time, suggesting
that it would be more cost-effective to reduce the layer-scale parameter uncertainty in order to
reduce predictive uncertainty in tracer transport.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogeologic environments consist of natural soils and
rocks that exhibit multi-scale spatial variability, or hetero-
geneity, in hydraulic and transport parameters from core
samples to layer structures and lithofacies. Although the
parameters are intrinsically deterministic (i.e., they exist and
are potentially measurable at all scales), knowledge of these

* Corresponding author. Department of Scientific Computing, Florida State
University, Tallahassee, FL 32306, United States.
E-mail address: mye@fsu.edu (M. Ye).

0169-7722/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jconhyd.2008.10.012

parameters usually is limited, especially at field scales.
Parameter uncertainty thus arises and renders the predictions
of contaminant transport uncertain. Quantification of para-
meter uncertainty and its propagation in hydrogeological
models has been studied for decades using stochastic
methods, as reviewed in several books (e.g., Gelhar, 1989;
Dagan, 1989; Dagan and Neuman, 1997; Zhang, 2002; Rubin,
2003). Quantifying uncertainty at the field scale is of
particular importance because decisions are often based on
the field-scale predictions. However, field-scale models for
representing complex hydrogeologic environments are com-
plicated, making it difficult to evaluate the propagation of
parameter uncertainty through the complicated models.
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In field-scale modeling, it is common practice to separate a
large field domain into hydrogeologic layers (or lithofacies
and hydrofacies) based on available data such as site geology,
hydrogeology, and geophysics. Hydraulic and transport para-
meters of each layer often are treated as homogeneous
variables and are calibrated to match the field observations of
state variables. Layer-scale heterogeneity, especially after
layerwise parameters are calibrated, is important in simulat-
ing the overall flow and transport trend and pattern. While
local-scale heterogeneity within the layers is important in
predicting flow path, velocity, and travel time of contami-
nants, it is often neglected in modeling practices. This study
aims to characterize both layer- and local-scale heterogene-
ities and evaluate their relative effect on the predictive
uncertainty in unsaturated flow and contaminant transport.

Our study site is the unsaturated zone (UZ) of Yucca
Mountain (YM), which has been recommended by the U.S.
Department of Energy (USDOE) as the nation's first perma-
nent geologic repository for spent nuclear fuel and high-level
radioactive waste. Since the UZ will host the potential
repository and act as an important natural barrier in delaying
potential arrival of radionuclides at the water table, it is
important to understand how much and how fast water and
radionuclides travel through the UZ to the groundwater. The
UZ consists of various complex hydrogeologic units, and
spatial variability of hydraulic properties in each unit can be
viewed as deterministic and/or random processes of multiple
scales. Yet, only limited data are available to characterize
multi-scale heterogeneities, which results in uncertainty in
model parameters and, subsequently, model predictions.

Heterogeneities in the hydraulic properties at the UZ have
been investigated by many researchers. Based on the degree
of welding, rock properties, and hydraulic properties, the UZ
is separated into 5 major geologic units and 33 hydrogeologic
layers (Flint, 1998, 2003; BSC, 2003b; Flint et al., 2006). Zhou
et al. (2003) categorized the heterogeneity for site, layer, and
local scales. Typically, in studies of YM, site scale refers to the
UZ model domain of numerical modeling studies; layer scale
refers to the hydrogeologic layers with layerwise average
properties; and local scale refers to the spatial variation in
hydraulic properties within a layer. In the last decade, layer-
scale heterogeneity has been characterized and incorporated
into the three-dimensional (3-D) site-scale numerical model
(e.g., Wu et al,, 1999, 2004; BSC, 2004a; Wu et al., 2007).
Parameter uncertainty and sensitivity analysis for tracer or
radionuclide transport in the YM UZ has been conducted
mainly at the layer scale (Nichols and Freshley, 1993; Illman
and Hughson, 2005; Zhang et al., 2006; Ye et al., 2007). Local-
scale heterogeneity in the model parameters within a layer is
also important since it affects the flow path, velocity, and
travel time of tracers or radionuclides (Bodvarsson et al.,
2001; Haukwa et al., 2003; Zhou et al., 2003; Viswanathan
et al,, 2003; Illman and Hughson, 2005; Zhang et al., 2006).
This study incorporates the layer- and local-scale hetero-
geneities and conducts a Monte Carlo simulation to investi-
gate their relative importance to the propagation of
parameter uncertainty. Based on a-priori knowledge of the
UZ described in the Appendix A, the model parameters of
particular importance in our local-scale heterogeneity char-
acterizations include matrix permeability and porosity. Since
the uncertainty of these two parameters has been character-

ized at the layer scale in Ye et al. (2007), selecting them for the
uncertainty analysis enables us to distinguish between the
effects of local-scale and layer-scale heterogeneities on pre-
dictive uncertainty of unsaturated flow and tracer transport.

This study is focused on examining the relative effect of
layer- and local-scale heterogeneities on predictive uncer-
tainty, but not on jointly assessing the predictive uncertainty
due to heterogeneities of the two scales. However, this study
can be extended for a joint assessment of multi-scale
heterogeneity using, for example, the Random Domain
Decomposition (RDD) approach (Winter and Tartakovsky,
2000, 2002; Winter et al., 2002, 2003; Guadagnini et al.,
2004; Xiu and Tartakovsky, 2004; Winter et al., 2006). The
RDD also separates a field-scale geologic system into a
number of geologic units (e.g., hydrogeologic layers and
lithofacies), but treats boundaries of the geologic units as
uncertain (the units being random composites). The key input
of the RDD is the probability of boundary locations, used for
averaging local-scale uncertainty to incorporate uncertainty
of the unit boundaries. While estimating the probability is
still in its development stage (Winter et al, 2006), the
problem may be resolved using geostatistical methods (e.g.,
Guadagnini et al., 2004). When the boundary locations are
fixed (e.g., Winter et al., 2006), some results of the RDD can
also be obtained by conventional stochastic methods as
observed in this study. In terms of separating a highly
heterogeneous domain into less heterogeneous hydrogeolo-
gic layers, this study is conceptually analogous to the RDD. If
uncertainty in the layer boundary locations can be statistically
quantified for the UZ, which will be very difficult for the
complicated geological system with limited characterization
data, this study can be extended to incorporate this
uncertainty using the RDD.

2. Characterization of parameter heterogeneity

Fig. 1 presents a typical geological profile along a vertical
east-west transect of borehole UZ-14 (shown in Fig. 2) at YM,
illustrating a conceptual model currently used to analyze UZ
flow patterns and explaining the possible effect of faults and
perched water on the UZ system. Details of the conceptual
and numerical models for simulating the unsaturated flow
and tracer transport are given in the Appendix A. Primarily
based on the degree of formation welding, the geologic
formations have been organized into five major hydrogeolo-
gic units (Montazer and Wilson, 1984): Tiva Canyon welded
(TCw) unit, Paintbrush nonwelded (PTn) unit, Topopah Spring
welded (TSw) unit, Calico Hills nonwelded (CHn) unit, and
Crater Flat undifferentiated (CFu) unit. Due to the intensive
characterization of the YM UZ that already has been
performed, we consider that boundaries of the units have
been delineated with a reasonable degree of accuracy. Each
major unit is further divided into several subunits referred to
as the hydrogeologic layers.

There are two types of available data for matrix perme-
ability and porosity: core measurements at the local scale and
calibrated values at the layer scale. From 33 boreholes, 5320
rock core samples were collected (Flint, 1998, 2003; BSC,
2003b) yielding 546 measurements of saturated hydraulic
conductivity (which can be converted to permeability in our
simulations) and 5257 measurements of porosity. Particularly,
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Fig. 1. Schematic illustration of the conceptualized flow processes and effects of capillary barriers, major faults, and perched-water zones within a typical east-west

cross section of the UZ flow model domain (modified from BSC, 2004a).
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Fig. 2. Plan view of the 3-D UZ numerical model grid shows the model
domain, faults, proposed repository layout, and locations of several boreholes
(modified from BSC, 2004a). Mean random fields of permeability and
porosity along the two cross-sections marked in the figure are shown in
Fig. 3.

more porosity measurements are available in shallow bore-
holes than permeability measurements. Some borehole
locations are shown in Fig. 2. The other type of parameter
data is the layer-scale values of permeability obtained from
calibrating the 3-D model (BSC, 2004a; Wu et al., 2004, 2007).
Calibration of the 3-D model is based on calibration of the
earlier 1-D model (BSC, 2004b), which resulted in adjustment
of the matrix permeability values for the layers BT3, BT2, CHV,
and PP3. Since the calibrated permeability values in these
layers represent the optimum estimate of layer-scale UZ
heterogeneity, the calibrated permeability values for these
layers need to be retained in the generated heterogeneous
fields.

For each hydrogeologic layer, sequential Gaussian simula-
tion (SGSIM) of GSLIB (Geostatistical Software Library)
(Deutsch and Journel, 1998) is used to generate the condi-
tional heterogeneous parameter realizations to characterize
local-scale heterogeneity and associated uncertainty. Since
the SGSIM does not consider correlation between random
variables, the random fields of the matrix permeability and
porosity are generated separately. To satisfy the SGSIM
requirement for conditional data to be Gaussian (many
studies simply assume that the conditioning data are
Gaussian), we adopt the transform method of Ye et al.
(2007). At each layer, measurements are transformed to be
Gaussian by one of the three Johnson transformations
(Johnson and Kotz, 1970; Carsel and Parrish, 1988) and four
classical re-expressions (Mallants et al., 1996). The random
fields incorporating local-scale heterogeneity are first gener-
ated with the transformed data and then back-transformed to
their real values.
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The correlation lengths of the parameters are determined
based on variogram analysis. Since the porosity measurements
are abundant and widely spread in shallow boreholes,
horizontal and vertical correlation lengths of porosity in each
hydrogeologic layer of the TCw, PTn, and TSw units are
estimated by calculating and fitting the sample variograms.
While the vertical variogram of porosity in each hydrogeologic
layer of the two deep units of CHn and CFu can be calculated, it is
not possible to calculate the horizontal variogram in each layer
due to the lack of measurements in the two units. However, we
note that, for the three shallow units of TCw, PTn, and TSw, the
horizontal correlation length in each layer is similar to that of
the unit where the layer belongs. Consequently, horizontal
correlation lengths for the layers within the CHn unit are
assumed constant and assigned the value of the CHn unit, given
that the horizontal variogram of the CHn unit can be calculated
from measurements. Since only one borehole was drilled in the
CFu unit (below the CHn unit), the horizontal correlation
lengths for the two layers in this unit are assumed to be the
same as those for the CHn unit. Permeability measurements are
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sufficient only for estimating the vertical correlation lengths for
14 layers, where there appears to be a tendency for permeability
and porosity to have similar vertical correlation lengths. The
similarity may be attributed to the strong correlation between
permeability and porosity shown in Flint (2003) and to the fact
that the permeability and porosity measurements were taken
from the same boreholes. It is thus assumed that, for layers
where plotting variograms is impossible due to lack of data, the
permeability and porosity have the same correlation lengths.
To honor the layer-scale permeability values obtained from
the 3-D model calibrations, we first calculate for each numerical
block the sample mean (over the realizations) of permeability
and then average them over each layer. The resulting layer-
averaged values are close to the calibrated values for most
model layers, except for layers BT3, BT2, CHV, and PP3, where
layer-scale permeability is increased during the model calibra-
tion (BSC, 2004a). To ensure that the mean permeability of each
realization equals the calibrated value, the layer-averaged
permeability is adjusted for the four layers, after which, the
generated permeability values are no longer conditioned on the
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Fig. 3. Mean of generated random log permeability at east-west (a) and north-south (b) cross section through borehole UZ-14 (TCw, PTn, TSw, and CHn are four
major units in the UZ of Yucca Mountain; TLL is the proposed repository layer in TSw unit).
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local-scale core measurements. As a result, the generated values
of permeability and porosity in each layer randomly fluctuate
around a mean value that is the same as calibrated layer-scale
values or close to them. This procedure omits uncertainty of the
calibrated layer-scale parameter values. The ideal way is to
compare the probability distribution functions (PDFs) of the
layer- and local-scale parameter values. However, estimating
the PDFs of the layer-scale variables will require additional field
investigation and recalibrating the UZ models, which is beyond
the scope of this study.

Fig. 3 plots the sample mean of the 200 realizations of log-
permeability at the east-west and north-south cross-sections
through borehole UZ-14 located in the proposed repository
area (the two cross-sections are marked in Fig. 2). Layer-scale
heterogeneity is apparent, since the mean log-permeability is
significantly different in the various layers. At the bottom
layers, Fig. 3b shows that the mean log-permeability in the
northern part of the domain is significantly smaller than that
in the south, reflecting the fact that the CHn-unit zeolitic tuffs
(with low permeability) are located in the north, while the
vitric tuffs (with high permeability) are located in the south.
Fig. 3 also illustrates the local-scale heterogeneity within each
layer. Sample variance (figures not shown) of the log-
permeability over the 200 realizations varies significantly,
from 0.5 to 8.0 in different layers, depending on the density of
measurements in each layer. In general, the variance is
smaller for thinner layers with more measurements. Porosity
spatial variability is similar to that of log permeability but
with a smaller magnitude of variation.

3. Uncertainty assessments

Monte Carlo simulations are conducted to investigate the
propagation of uncertainty in matrix permeability and porosity
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into the uncertainty in unsaturated flow and tracer transport.
The mean, variance, and 5th, 50th, and 95th percentiles of the
simulated state variables (e.g., saturation, percolation fluxes,
and concentration) are evaluated from 200 realizations. In
addition to the variance, the 5th and 95th percentiles (also
known as uncertainty bounds) are used to quantify predictive
uncertainty. The deterministic simulation results of BSC
(2004a) are treated in this study as a baseline case for the
stochastic simulations. Note that only layer-scale heterogeneity
was considered in the deterministic simulation. Convergence of
the Monte Carlo simulations is investigated in a similar manner
to Ballio and Guadagnini (2004) and Ye et al. (2004a). Results
indicate that the statistics reach stabilization after 150 realiza-
tions, and therefore, 200 realizations are regarded sufficient for
meaningful statistics for the uncertainty assessments.

3.1. Uncertainty assessment of unsaturated flow

3.1.1. Comparisons of simulated and measured saturation and
water potential

Simulated matrix liquid saturation and water potential are
verified by comparing their statistics with field observations.
Fig. 4 compares the observed and simulated matrix water
saturation along borehole SD-12. The simulated mean satura-
tion (as well as the 50th percentile) is close to the corresponding
result for the deterministic case (Wu et al., 2004; BSC, 2004a),
indicating that layer-scale heterogeneity in model parameters
dominates local-scale heterogeneity in simulating the mean
behavior of the unsaturated flow. The mean matrix liquid
saturation is in reasonable agreement with the observed
profiles, especially the matched variation patterns. The 5th
and 95th percentiles of simulated results bracket a large portion
of the observations, indicating that observed state variability
could be explained partially by parameter uncertainty in the
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Fig. 4. Comparison of observed and 3-D model simulated matrix liquid saturation for borehole SD-12.
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matrix permeability and porosity. Unbracketed measurements
may be attributed to uncertainty not considered in this study,
such as uncertainty in other model parameters, measurement
error, conceptual model incompleteness, and different scales
between the model inputs and the field and laboratory
parameter measurements. The simulated and observed matrix
liquid saturation along other boreholes is also compared, and
the comparison results are similar to those shown in Fig. 4. The
comparison of simulated and observed water potential along
borehole shows similar features as the liquid saturation (figure
not shown).

3.1.2. Flow pattern and uncertainty assessments

The percolation flux through the UZ is a key variable in
evaluating the potential repository site because percolation
flux and its spatial variations could affect the amount of water
flowing into the waste emplacement drifts, potential radio-
nuclide release and migration from the UZ to the groundwater
table. Percolation flux is defined as the total vertical liquid
mass flux through both fractures and matrices (Wu et al.,
2004; BSC, 2004a). For better presentation, it is converted to
millimeters per year using a constant water density.

Fig. 5 depicts the mean, variance, and 5th and 95th
percentiles of simulated percolation fluxes at the proposed
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repository horizon, while Fig. 6a and b plots the mean and
variance at the water table. The pattern of mean percolation
fluxes at the proposed repository layer (Fig. 5a) is similar to
the surface infiltration pattern, indicating dominant vertical
flow and negligible lateral movement from the land surface to
the proposed repository level. At the water table (Fig. 6a), the
high percolation flux zone moves eastward, indicating
significant lateral flow from the proposed repository level to
the water table. This is mainly attributed to the dipping slope
(around 5 to 10 degrees) and the presence of the CHn unit
between the proposed repository and the water table (Fig. 3).
Variance in percolation fluxes at the proposed repository level
(Fig. 5b) is larger in the western part of the model domain
associated with the high infiltration rate. In comparison to
Figs. 5b, 6b shows that a large variance at the water table also
occurs at the western side of the domain but covers a wider
area that extends southward. This may be due to the larger
spatial variation of matrix permeability at the bottom than at
the top of the simulation domain (Fig. 3) and the accumulated
effects of parameter uncertainty propagation downward to
the water table. In Fig. 5c and d, the 5th and 95th percentiles
of percolation fluxes are significantly different, indicating
large uncertainty in the percolation fluxes caused by the
uncertainty in matrix permeability.
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Fig. 5. (a) Mean, (b) variance, (c) 5th percentile, and (d) 95th percentile of simulated percolation fluxes at the proposed repository horizon.
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Fig. 6. Mean and variance of simulated percolation fluxes at the water table for the heterogeneous case (a,b) and homogeneous case (c,d).

3.1.3. Comparisons of flow uncertainty assessment

In Ye et al. (2007), the uncertainty of unsaturated flow
caused by parameter uncertainty was assessed only at the
layer scale. Multiple correlated realizations of matrix perme-
ability and porosity were generated using the Latin Hyper-
cube Sampling (LHS) method for each layer where the
parameters were treated as homogeneous. This is referred
to as the homogeneous case, as opposed to the heterogeneous
case in this study, where randomly heterogeneous parameter
fields are generated for each layer based on the procedure
described in Section 2. Fig. 6 plots the mean and variance of
the percolation fluxes at the water table for the hetero-
geneous (Fig. 6a and b) and homogeneous (Fig. 6¢ and d)
cases. While the mean predictions have a similar pattern and
magnitude, the variance in the heterogeneous case (Fig. 6b) is
significantly larger than that in the homogeneous case
(Fig. 6d), especially under the footprint of the proposed
repository area shown in Fig. 2. This indicates that the local-
scale heterogeneity of matrix permeability results in larger
predictive uncertainty in the percolation fluxes because the
local-scale heterogeneity creates more complicated flow
paths.

3.2. Uncertainty assessment of tracer transport

The uncertainty in tracer transport is evaluated for two
representative tracers: conservative (°°Tc) and reactive
(**’Np). Sorption coefficient of 2>’Np is treated as a random
variable, and multiple realizations are generated in the same
manner of Ye et al. (2007). Although other transport and
geochemical parameters may be also important for the
uncertainty assessment, this study treats them deterministi-
cally and uses the parameter values of BSC (2004a).

3.2.1. Uncertainty assessment of spatial distribution in tracer
plumes

Spatial distribution of the normalized cumulative mass
arrival of the tracers is an important variable in evaluating the
potential locations of high-radionuclide concentration and
migration. The normalized cumulative mass arrival, as defined
in BSC (2004a), is the cumulative mass arriving at each cell of
the water table over time, normalized by the total mass of the
initially released tracer from the potential repository horizon.
Fig. 7a and b depicts the mean and variance of the normalized
cumulative mass-arrival contours of the reactive tracer
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Fig. 7. Contours of mean and variance in normalized cumulative-mass-arrival (%) for the reactive tracer (237Np) at the water table after 1,000,000 years for the

heterogeneous case (a,b) and homogeneous case (c,d).

(?¥’Np) at 1,000,000 years (extended standard of the U.S.
Environmental Protection Agency). The mean of mass arrival
covers virtually the entire area with higher values directly
below the footprint of the proposed repository shown in Fig. 2.
While the contour spreads widely to the east of the model
domain, high values appear restricted to the west of Ghost
Dance Fault (Fig. 2, eastern boundary of the repository
footprint), indicative of the dominant vertical movement for
radionuclides. The variance contour (Fig. 7b) has a similar
pattern to the mean contour (Fig. 7a) with higher values of
variance below the repository footprint. In addition, the area
of higher variance corresponds to the area of high mean,
except at the northern end of the Drillhole Wash Fault (Fig. 2).
The spatial pattern of variance (Fig. 7b) is correlated with the
spatial pattern of percolation flux variance (Fig. 6b), indicating
that the larger uncertainty in the percolation flux results in the
larger uncertainty in the cumulative mass arrival.

3.2.2. Uncertainty assessment of cumulative mass travel time
Another important factor for assessing performance of the

proposed repository is radionuclide travel time from the

proposed repository horizon to the water table, since it is a

measure of the overall tracer transport. For each of the 200
realizations, the total cumulative mass is calculated by adding
the mass in all blocks at the water table. Fig. 8 plots the mean
and the 5th and 95th percentiles of the simulated fractional
breakthrough curves of cumulative mass arriving at the water
table for the two tracers in both heterogeneous and homo-
geneous cases. For the heterogeneous case, the 5th and 95th
percentiles indicate significant uncertainty in travel time. For
example, 50% of the total mass of 2>’Np may take from 31,600
to 295,000 years to arrive at the water table. Owing to the
sorption effects of the reactive tracer, the reactive tracer
(**'Np) travels about two orders of magnitude slower than
the conservative tracer (°*Tc). For example, the mean travel
times of the 50% mass fraction breakthrough is 4760 years
for 99Tc, but 109,000 years for 2>’Np. In comparison to *°Tc,
237Np has greater uncertainty in the fractional mass travel
time due to its uncertain sorption coefficient.

3.2.3. Comparison of transport uncertainty assessment

Fig. 7 plots the mean and variance of normalized cu-
mulative mass arrival of 2>’Np at 1,000,000 years for the
heterogeneous (Fig. 7a and b) and homogeneous (Fig. 7c
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Fig. 8. Simulated breakthrough curves of cumulative mass arriving at the water table for (a) conservative tracer (99Tc) and (b) reactive tracer (237Np) (Hete
represents the heterogeneous case and Homo represents the homogeneous case).

and d) cases. While spatial patterns and magnitudes of the
mean predictions are similar for the two cases, the variance in
the heterogeneous case is much greater than that in the
homogeneous case. This comparison suggests that incorpor-
ating local-scale heterogeneity of permeability and porosity
results in higher uncertainty for radionuclide transport. In
other words, it becomes more difficult to estimate potential
locations of high-tracer concentration after the local-scale
heterogeneity is considered.

Fig. 8 plots the simulated fractional breakthrough curves
of cumulative mass arriving at the water table in both
heterogeneous and homogeneous cases. The mean travel
time for the heterogeneous case increases relative to the
homogeneous case for both tracers at the early stage. This
observation implies that the simulated flow path becomes
more tortuous, and simulated radionuclide transport between
matrix and fracture becomes more complicated after the
local-scale heterogeneity is considered. With the downward
movement of the tracers, since flow paths may develop
along the fractures with high permeability, the effect of local-
scale heterogeneity of the matrix properties on tracer trans-
port gradually decreases with time. As a result, the travel
time in the two cases becomes similar after approximately
20,000 years, with 78% fractional mass breakthrough for *°Tc,
and 100,000 years, with 48% fractional mass breakthrough for

237Np. Similar breakthrough behavior was observed in Zhou
et al. (2003). Fig. 8 also shows that, for both tracers, the 5th
and 95th percentile bound for the travel time prediction is
much smaller in the heterogeneous case than in the
homogeneous case, indicating the reduced uncertainty in
travel time. For example, when 75% of the ®*Tc mass flows out
of the UZ, the variation in travel time is between 9000 and
23,400 years in the homogeneous case, whereas the variation
is between 14,200 and 18,900 years in the heterogeneous
case. This difference suggests the importance of layer-scale
heterogeneity on controlling the overall pattern of tracer
transport measured by travel time of cumulative mass. In the
homogeneous case, the layer-scale parameter values vary
randomly, rendering significant change in the overall pattern
of tracer transport over different realizations. In the hetero-
geneous case, the layer-scale parameter values are the same
or close to the calibrated values over different realizations,
despite that the local-scale parameter values vary randomly.
Therefore, the overall pattern of tracer transport varies less
significantly than in the homogeneous case. This indicates
that, if one wants to reduce overall predictive uncertainty in
tracer travel time, an effort should be dedicated to reducing
uncertainty in layer-scale values by improving the 3-D model
calibration of BSC (2004a), recalling that layer-scale values are
obtained from inverse modeling.
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4. Discussions

At a complicated field site such as the potential YM geo-
logical repository, there are two other major sources of uncer-
tainty: uncertainty in conceptual models of the tracer transport
and uncertainty in model scenarios capturing all applicable
features, events, and processes (FEPs) at the geological repo-
sitory (BSC, 2003a). Recently, a multi-model averaging method
has been advocated to assess the conceptual model uncertainty
(Beven and Binley, 1992; Neuman, 2003; Ye et al., 2004b, 2005,
2008a,b; Poeter and Anderson, 2005; Beven, 2006; Refsgaard et
al., 2006; Meyer et al., 2007). The study of model scenarios is
mainly focused on infiltration (Wu et al., 2002, 2004;
Faybishenko, 2007), the major driving force of radionuclide
transport to the groundwater. If the conceptual model
uncertainty and model scenario uncertainty are considered,
the predictive uncertainty will be significantly larger than that
caused only by the parameter uncertainty.

Similarly, if additional random parameters are considered,
the predictive uncertainty also will increase. As described in the
Appendix A, the random parameters are selected mainly based
on the sensitivity analysis of Zhang et al. (2006). It would be
more rigorous to conduct a comprehensive sensitivity analysis
to determine which parameters are influential to predictive
uncertainty. In addition, given that the modeling domain is
delineated into multiple hydrogeologic layers, and local-scale
heterogeneity contributes more to predictive uncertainty than
layer-scale heterogeneity, it will be interesting to use sensitivity
analysis in determining the layers where local-scale hetero-
geneity should be considered and the layers where layer-scale
heterogeneity would be sufficient. The sensitivity analysis will
be useful in optimizing limited computing resources and site
characterization for uncertainty reduction.

This research follows the traditional modeling scheme of
separating a field-scale modeling domain into less hetero-
geneous hydrogeologic layers with fixed layer boundaries.
Uncertainty in the layer boundaries is not considered in this
study. If the uncertainty can be quantified statistically, it can be
assessed using the framework of RDD, whereas it will be
difficult to obtain reliable quantification of the uncertainty in
layer boundaries for the complicated geological systems at the
UZ of YM. Although this type of uncertainty is not considered,
certain findings of this study (e.g., the relative importance of
layer-scale versus local-scale heterogeneities) are similar to
those of the RDD method obtained from simulating saturated
flow problems.

5. Conclusions
This study leads to the following major conclusions:

(1) Layer-scale heterogeneity is more important than
local-scale heterogeneity in simulating the trend and
pattern of field observations of flow. Therefore, when
simulating the unsaturated flow, layer-scale hetero-
geneity should be honored by using the calibrated
values obtained from the 3-D inverse modeling.

(2) While local-scale heterogeneity slightly affects the
mean predictions of percolation fluxes and tracer
plumes, it significantly increases predictive uncertainty
in these quantities, implying that more random and

complicated flow paths are created by the local-scale

heterogeneity. This is also true for the spatial distribu-

tion of the normalized cumulative mass arrival.
(3) Local-scale heterogeneity increases mean travel time
for the reactive and conservative tracers in the early
stage, but the effect gradually decreases over time.
Layer-scale heterogeneity is also more important than
local-scale heterogeneity in simulating the travel time
of cumulative mass to the water table. If one wants to
reduce overall predictive uncertainty in tracer travel
time, an effort should be made to reduce the uncer-
tainty in layer-scale values by improving the 3-D model
calibration, recalling that layer-scale values are
obtained from inverse modeling.
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Appendix A

This appendix briefly describes the conceptual and
numerical models currently used to simulate flow and tracer
transport for the UZ. For more details of the models, readers
are referred to Wu et al. (1999, 2004, 2007), Wu and Pruess
(2000), Flint et al. (2001), and BSC (2004a,c).

A-1 Conceptual model of UZ flow and tracer transport

Percolation flux: The infiltration pulses with spatial and
temporal variability from precipitation are major sources of
percolation fluxes through the highly fractured TCw unit on
the top. The PTn unit with high porosity and low fracture
intensity has a large capacity to store the groundwater
penetrated through TCw as rapid fracture flow and to form
more uniform flux at the base of PTn. The capillary barriers
exists within the PTn unit at the upper and lower interfaces
with TCw and TSw units due to large contrasts in rock
properties across the interfaces (Montazer and Wilson, 1984).
The perched water affecting flow paths in the UZ can be found
on the top of low-permeability zeolites in CHn unit or the
densely welded basal vitrophyre of the TSw unit in several
boreholes (e.g., UZ-14, SD-7, SD-9, and SD-12 shown in Fig. 2).
In addition, faults with high permeability can play an
important role in percolation flux of UZ. More descriptions
of flow conceptual model are referred to Wu et al. (2007).

Radionuclide Transport: The radionuclide contaminants
can transport through the UZ as dissolved molecular species
or in colloidal form, involving the physical processes of
advection, molecular diffusion, sorption for reactive tracers,
and radioactive decay. The mechanical dispersion through the
fracture-matrix system is ignored, since sensitivity studies
indicated that the mechanical dispersion has insignificant
effect on the cumulative breakthrough curves of tracers at the
water table (BSC, 2004a). The sorption processes considers
three basic rock types (devitrified tuffs, vitric tuffs, and
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zeolitic tuffs). The radionuclide transport in the TSw unit
mostly occurs in the fractures. The transport occurs in both
matrix and fractures with longer contact times between the
radionuclide and the media to lead to the increase of sorption
and retardation when radionuclide travels to the vitric layers
in CHn unit. However, for those zeolitic layers in CHn unit, fast
transport dominated by fractures occurs due to the high
disparity in permeability between matrix and fractures in
those layers. When radionuclide moves through the devi-
trified layers in CHn unit, the transport has similar behaviors
to the vitric layers. More descriptions of the conceptual model
of tracer transport are referred to BSC (2004c).

Features, Events, and Processes (FEPs): The FEPs selected for
this study are taken from the LA FEP list included in the Total
System Performance Assessment (TSPA). More details of the
FEPs can be found in BSC (2003a).

Boundary Conditions and Source Term: For the steady-state
flow model, the ground surface and the water table are
treated as the top and bottom model boundaries, where the
pressure and saturation are specified as boundary conditions.
The no-flux boundary condition is specified for the lateral
boundaries. A present-day net infiltration estimate is applied
to the fracture gridblocks within the second grid layer from
the top of the domain, as the first layer is treated as a Dirichlet
boundary to represent average atmospheric conditions on the
land surface. The transient-state transport simulation was
conducted for 1,000,000 years. At the start time of simulation,
constant concentration source is instantaneously released
from the fracture continuum gridblocks (blue points in Fig. 2)
representing the repository (BSC, 2004a). The transport
model shares the same boundaries as the flow model, with
zero concentration at the top and bottom boundaries and no-
flux lateral boundary conditions. More descriptions of the
boundary conditions are referred to BSC (2004a,c).

A-2 Numerical modeling approach and model description

A 3-D site-scale numerical model has been developed to
simulate the flow and transport of three mass components
(air, water, and tracer) in the UZ of YM. Since the dual-
continuum approach, primarily the dual-permeability con-
cept, is used, a doublet of governing equations of flow and
transport are used to simulate fluid flow, chemical transport,
and heat transfer processes in the two-phase (air and water)
system of fractured rock for fracture and matrix, respectively.
The governing equations for either continuum are in the same
form as those for a single porous medium. For more details of
the governing equations of the unsaturated flow and tracer
transport, the readers are referred to Wu and Pruess (2000)
and BSC (2004a,c). The integral finite-difference method is
used to solve the governing equations numerically. The 3-D
numerical model grid representing the UZ system consists of
980 mesh columns of both fracture and matrix continua along
a horizon grid layer, and each column includes an average of
45 model layers representing the hydrogeologic layers.
Refined mesh is used near the potential repository and
natural faults. Fig. 2 shows the plan view of the 3-D numerical
grid with the model domain, proposed repository layout,
borehole location, and faults. More details of the numerical
model can be found at Wu et al. (1999, 2002, 2004, 2007) and
BSC (2004a,b,c).

Model input parameters

Because of the dual-continuum approach, two sets of
hydraulic and transport properties and other intrinsic proper-
ties are needed for the fractured and matrix continua. The
basic parameters used for each model layer include (a) fracture
properties (frequency, spacing, porosity, permeability, van
Genuchten o and n parameters, residual saturation, and
fracture-matrix interface area); (b) matrix properties (poros-
ity, permeability, van Genuchten « and n parameters, and
residual saturation); (c) transport properties (grain density,
diffusion, adsorption, and tortuosity coefficients); and (d) fault
properties (porosity, matrix and fracture permeability, and
active fracture-matrix interface area). Assessing uncertainty in
all the model parameters is beyond the scope of this study.

This study treats matrix permeability, porosity, and
adsorption coefficient as random based on a sensitivity
analysis of Zhang et al. (2006), which illustrated that flow
and transport simulations are not sensitive to fracture
properties because fracture flow dominates over the entire
model domain. Although Zhang et al. (2006) found that the
matrix van Genuchten « is important, this study treats it as a
deterministic variable, since its probabilistic distributions
cannot be rigorously identified due to limited number of site
measurements (only two or three measurements of the
matrix van Genuchten « and n are available in each
hydrogeologic layer). Other matrix parameters (e.g., residual
saturation) are also considered as deterministic in this study
because of their small spatial variability.
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