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ABSTRACT

Distribution of fluid flow is governed by the balance between gravity and
capillary forces. The objective of this work is to assess fluid flow in the
partially saturated, fractured, porous tuff formations at Yucca Mountain. The
effects of eastern tilting of the units at Yucca Mountain on fluid flow has
been studied using two-dimensional models. Ghost Dance Fault has been modeled
as a seepage face. Under the expected flux conditions, saturation increased
just to the west of the fault, but the water did not enter the fault. Tuff
matrix and fracture data have been compared to the limited model parameters of
the fault; and correlations between saturated conductivity and unsaturated
parameters for tuff matrix, fracture, and fault are discussed.
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1.0 INTRODUCTION4

The work described in this report was performed for Sandia National
Laboratories as a part of the Nevada Nuclear Waste Storage Investigations
Project. The NNWSI Project is administered by the Nevada Operations Office
of the Department of Energy. The project is part of the DOE's program to
dispose safely of the commercial high-level nuclear wastes. The NNWSI
Project is evaluating the suitability of Yucca Mountain, on and adjacent to
the Nevada Test Site in southern Nevada, to- determine the feasibility of
developing a mined repository for high-level nuclear wastes.

The objective of this work is to aid performance assessment activities
at SNL by modeling the fluid flow in partially saturated, fractured, porous
tuff formations at Yucca Mountain. The distribution of fluid flow is
governed by the balance between gravity and capillary forces. The external
gravitational force moves the water downward, and the' internal capillary
forces hold the water in place within the pores. The 'magnitude of the
capillary force is inversely proportional to pore size, and the hetero-
geneity of rock pore structure controls distribution and movement of water
through partially saturated formations. Within the centimeter scale of an
unfractured tuff rock sample amenable to conventional laboratory measure-
ments, the pore size distribution determines the characteristic curve of
the degree of saturation as a function of suction pressure. The charac-
teristic curve describes the percentage of saturated small pores and
unsaturated large pores in response to a given external suction force. On
the meter scale of tuff matrix blocks separated by discrete fractures, the
fractures represent openings with average apertures much larger than the
average pore sizes of the matrix. Except near the contact areas between
two rough fracture surfaces, most fracture openings cannot maintain the
strong capillary forces required to hold water within the fractures under
ambient partially saturated conditions.

In the first phase of this study, we developed a conceptual model and
constructed a general statistical approach for analyzing the flow of water
along fractures and between matrix blocks and adjoining fractures under
partially saturated conditions (Wang and Narasimhan, 1985). Characteristic
curves for fractures were derived from data on fracture spacings, orienta-
tions, contact fractions, and bulk formation conductivity. Analyses of
gravity drainage through a vertical heterogeneous column of tuff using the
previously mentioned characteristic curves and explicitly treating the
fractures and matrix blocks indicate that steady-state fluid flow within
Topopah Spring Member, the candidate host rock for the repository, occurs
mainly through the partially saturated rock matrix. 'These results are
entirely consistent with the general capillary mechanism, with large pores,
including fractures easily drained, and with small pores holding the water.
An understanding of the drastic change in the'role of fractures from active
main conduits for the flow and transport of water under saturated condi-
tions to passive dry pores under unsaturated conditions is crucial for
assessment of the partially saturated fluid flow field at Yucca Mountain,
which is hundreds of meters thick and several square kilometers in area.

Yucca Mountain consists of alternating units of welded and nonwelded
tuff (Ortiz et al., 1984). The candidate Topopah Spring Member is a
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fractured, welded unit approximately 300-m thick bounded above and below by
nonwelded units several tens of meters thick. In the second phase, we
studied the effect of the upper nonwelded Paintbrush unit (PTn) on infil-
tration. This study simulated the injection of water into a vertical
column in the PTN unit sandwiched between a 10-m section of the welded Tiva
Canyon unit (TCw) above and a 10-m section of the welded Topopah Spring
unit (TSw) below. We also studied the effect of both nonwelded units on a
long column from the ground surface (GRD) to the water table (WT), covering
the entire partially saturated zone from the top down through the TCw unit,
the PTn unit, the TSw unit, the Calico Hills nonwelded, vitric unit (CHnv),
and the Calico Hills nonwelded, zeolitic unit (CHnz). Different constant
and pulse infiltration rates were applied to fractures at the top of the
columns to determine spatial and temporal distributions of water movement
through partially saturated units. Large variations of saturation,
pressure, and potential distributions occurred mainly near the interfaces
between the welded and nonwelded units. Different characteristic curves
resulting from different pore and fracture size distributions among the
units will adjust differently to imposed infiltration and gravitational
force across the interfaces. Most pulse effects are effectively damped out
by the top two units before water infiltrates down into the Topopah Spring
Member (Wang and Narasimhan, 1986).

In the third phase of this study, the model was extended laterally to
a 1,000-m two-dimensional cross section bounded by vertical fault zones.
Earlier single-vertical-column models assumed that the average fluid flow
direction is vertical. If the interfaces of the alternating units are
horizontal, the vertical flow pattern is expected based on symmetry con-
siderations. The stratigraphic units at Yucca Mountain generally tilt
5' to 7' eastward (Scott and Bonk, 1984). Several investigations have
suggested that a lateral component of the gravity gradient.caused by the
tilt may divert some water laterally to a high-conductivity fault zone
where a vertical flow of the diverted water can continue (Montazer and
Wilson, 1984; Rulon et al., 1986). If a substantial fraction of the net
infiltration could be diverted away from dispersed vertical flows through
unsaturated units to a concentrated flow through a localized fault zone,
the fault zone would likely constitute the fastest flow path from the
repository to the WT. In saturated systems an open fault with high con-
ductivity is indeed likely to be the main conduit for fluid flow. However,
the high saturated conductivity also implies that equivalent pores of the
fault zone are larger than characteristic pores of the formations. If we
assume that the same capillary mechanism governing meter-scale fracture-
matrix blocks is applicable to the much larger fault-formation units, we
,.ay argue that the fault zone will be dry and water will remain in the
tuff units. The capillary mechanism can be applied only to systems with
pores small enough to maintain a meniscus between rock surfaces. Without
experimental studies of the unsaturated characteristics of fault zone
material, we cannot exclude other flow patterns, such as sheet flow, to
effectively transport fluid along a fault surface to the WT. In this
study, we will not address the question of how fast water can travel along
a fault. We will instead focus our attention on whether water can overcome
capillary forces holding it in the unsaturated units and exit laterally
through formation-fault interfaces. Once water leaves the formation, we
assume that it will fall freely down to the WT. Instead of modeling the
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fault zone explicitly, we treat the formation- ault interface as a seepage
boundary.

It is assumed that the fault is so open that the face of the fault behaves
like an open surface exposed to atmospheric pressure. It is well known in
hillside studies that water will seep out of formations if the potential at
the open face boundary is lower than the poLential inside the hill. If the
potential near formation-fault interfaces can be increased to initiate
seepage flow, then the fault zone could become an important flow channel.
On the other hand, if seepage flow cannot be initiated or seepage flow
magnitude is very small, then the predominant flow pattern will remain
vertically downward within the unsaturated units.

2.0 HYDROLOGIC MODELS

We will model the behavior of partially saturated fluid flow through
portions of formation units in Section A-A'. Section A-A' cuts through
the central portion of Yucca Mountain as shown in Figure 1 (SNL, Product
CALO119). The vertical cross section of A-A' as given by the Interactive
Graphics Information Services is shown in Figure 2 (SNL, Product CALO115).
A minor fault inside the proposed repository area, Ghost Dance Fault (GDF),
will be a major hydrologic concern if fault flow is an important transport
mechanism. To focus on the impact of GDF on the two-dimensional flow
behavior, we have modeled the region west of GDF, treating GDF as an
eastern seepage boundary. The location of the western no-flow boundary is
treated as a variable, a few hundred meters to over half of 1,266.5 m,
which corresponds to the Solitario Canyon (SC) boundary. The unsaturated
region is bounded on the top by the GRD and on the bottom by the WT. To
focus on the effect of tilting of the interfaces on fluid flow, Section
A-A' has been simplified by neglecting the topographic variations of the
GRD and treating the GDF boundary as vertical. We have also assumed
that all interfaces tilt by 6'. The unit thicknesses used in the two-
dimensional meshes are summarized in Table 1. Most thicknesses correspond
to the Reference Information Base (RIB) digitized grid at GDF. The
thickness of the TCw unit corresponds to the thickness below a topographic
low west of GDF. The thicknesses of the Crater Flat Upper nonwelded unit
(CFUn) and Bullfrog welded unit (BFw) were chosen to yield the same
interface positions as the digitized grid crossing the WT near the western
SC boundary. Table 1 also includes the tilting angles of the different
units calculated from differences in digitized GDF and SC elevations.

The baseline matrix properties used in the models are summarized in
Table 2. Saturated matrix conductivity, porosity, and residual saturation
values were taken from Montazer and Wilson (1984) when the data were tabu-
lated and from Sinnock et al. (1984) and Peters et al. (1984) for the TCw
and PTn units. The saturated conductivity values taken from the RIB for
the TSw and Calico Hills units are lower than the corresponding values in
earlier references. All characteristic curves (van Genuchten parameters)
are deduced from Peters et al. (1984). TSwl, TSw2, CHnz, and the Prow Pass
welded unit (PPw) values correspond to representative samples chosen by
Peters et al. (1984). PTn values correspond to sample USW G4-2, and CHnv
values correspond to sample USW GU3-15. Characteristic curves for these
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two samples correspond to wider pore size distributions than other samples
of the two nonwelded units. Recent laboratory wetting experiments and
scanning electron microscopic studies of PTn samples indicate that
nonwelded tuff has a multimodal pore structure that can be measured by
mercury intrusion and a psychrometer for different pore sizes (Peters
et al., 1986a). The PTn USW G4-2 sample is one of the few samples for
which mercury intrusion data and psychrometer data are relatively close to
each other (Peters et al., Appendix C, 1984). Geologic logs also indicate
that the nonwelded units are in general more heterogeneous than the welded
units. Therefore, characteristic curves representing wider pore size
distributions may be more appropriate in modeling these units. For the
lower units (CFUn and BFw), average values are used for the van Genuchten
parameters of the few samples from these units (Peters et al., 1984).

The fracture properties are also updated in Table 3. Average fracture
orientation and frequency data from five boreholes (Bauer, 1987) together
with bulk saturated formation conductivity from Well J-13 (Winograd and
Thordarsson, 1974; Thordarsson, 1983; Sinnock et al., 1984) are used to
deduce the fracture characteristic curves (Wang and Narasimhan, 1985). The
main difference between the updated results of the average fracture geome-
try data and the early analyses of the USW G-4 data is that there are rela-
tively fewer horizontal fractures than vertical fractures, especially in
the welded units. Fractions of fracture surfaces where adjoining matrix
blocks are in contact are assumed to be identical to fractions of areas
where mineral coatings occur in fracture cores. The USW G-4 data (Spengler
and Chornack, 1984) are used to estimate these contact fractions and deter-
mine the fracture contact cutoff apertures (Wang and Narasimhan, 1985).

3.0 VERTICAL INFILTRATION

First, we will review and discuss the results of a one-dimensional
vertical infiltration through a column. The stratigraphy of the column
corresponds to the units above the WT at GDF (Table 1). To properly model
saturation, pressure, potential, and velocity variations, each unit is
divided into grids. The grid spacings are summarized in Table 4. The
results using a coarse grid are compared to the results using a fine grid
in Figure 3. For the coarse grid, each unit is divided uniformly into
several equal-thickness subunits. A general guideline for choosing the
number of divisions is that the pressure or potential values between
neighboring grid points are within 10 m of the hydraulic head. An explicit
integration procedure (Narasimhan et al., 1985; Wang and Narasimhan, 1986)
is used to estimate the one-dimensional pressure distributions for given
infiltration rates and to aid mesh designs. For the fine grid, each unit
has a nonuniform mesh with fine grids near the interfaces between different
units. As the distance from the interface increases, the grid gradually
increases in size with the ratio of the grid size no larger than a given
magnitude w, where w - (10)0.25. For the fine, nonuniform grid, we also
checked conductivity and flux values in an explicit integration procedure
to fine tune the mesh design before the mesh and initial estimate of
potential distribution were used in the implicit numerical code TRUST
(Narasimhan et al., 1978). The fine grid was used for both 0.1- and
0.5-mm/yr infiltration rates and for columns at other locations in Section
A-A'.
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Different mesh designs were tested systematically under different
conditions before the two-dimensional meshes were constructed so that the
basic one-dimensional columns would not introduce inaccuracies, in the
computations. Because columns with different heights at different loca-
tions in Section A-A' were modeled, the mesh for each column was not
refined at the lower boundary where the column connects to the WT. If
a unit is partially above and partially below the WT, then the node at
that elevation, regardless of its original grid size, was shortened and
connected to the WT. This method of treating the lower boundary does not
introduce numerical mesh effects in one-dimensional runs. One-dimensional
columns also optimize solution controls, namely the maximum time allowed
and the desired accuracy in pressure head changes. Different solutions
were tested using content and variable nodal time constants. Most of these
exercises are important for evaluating the accuracy of numerical simulation
but are not crucial to understanding the physical behavior of partially
saturated systems. The only results of these numerical exercises that will
be briefly mentioned are the conductivity weighting effects. Figure 3
includes a comparison of two runs: one that used the harmonic mean to
evaluate the effective conductivity between two neighboring nodes and one
that used upstream (higher potential) conductivity to evaluate fluxes.
Lack of a noticable difference between the two coarse grid runs indicated
that the conductivity weighting effect is not a major source of numerical
uncertainty in steady-state simulations.

The results of a 0.1- and 0.5-mm/yr flux in the nonwelded units are
compared in Figure 4. The net infiltration at Yucca Mountain is estimated
at 0.1 to 0.5 mm/yr (Montazer et al., 1985; Peters et al., 1986b; DOE,
1986). Figure 4 shows that nearly all of the units at Yucca Mountain are
saturated if the infiltration is 0.5 mm/yr. At 0.1-mm/yr infiltration,
the calculated saturation in the TSw unit is one standard deviation higher
than the mean ambient saturation (the RIB ambient saturation value is 0.65
±0.19). The calculated saturation of the thick Topopah Spring Member has
been determined by characteristic curves. If an unsaturated unit is thick
enough to damp the boundary effects, it will have a stable range of con-
stant pressure and zero pressure gradient, and the flow will be driven by
the gravity gradient and the partially saturated conductivity exactly
matching the infiltration rate. If we want to match calculated results
with field observations for a vertical column, we can adjust either the
infiltration rate or the conductivity value (saturated conductivity and/or
characteristic curve parameters).

In this study, we did not adjust the Topopah Spring saturation value,
which according to field observation is within the range of the ambient
saturation value for the 0.1-mm/yr case. However, we did try to adjust the
parameters for the nonwelded units. Ambient saturation is 0.56 ±0.17 for
the PTn unit (Sinnock et al., 1984); 0.90 for the CHnv unit; and 0.91 ±0.06
for the CHnz unit (Montazer and Wilson, 1984). Figure 4 shows that if we
use characteristic curves corresponding to narrow pore size distribution
as we did before we get very low saturation values for nonwelded units,
especially the PTn unit. Characteristic curves corresponding to wider pore
size distribution yield saturation values closer to the measured ambient
saturations, at least for the PTn unit. If, for the CHnv unit, there are
samples or experiments indicating a wider pore size distribution than
the values in Table 2 indicate, we can also obtain closer agreement of
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calculated and measured saturations for this unit. Our main reason for
using different characteristic parameters for PTn and CHnv is to bring
saturation values for these units higher so that we will have high conduc-
tivity values for these nonwelded units, which are leading candidates for
lateral flows. With high conductivities within the range of available
data, we maintain a high level of conservativeness in assessing the poten-
tial of lateral flows for removing fluid from unsaturated units.

4.0 LATERAL REDISTRIBUTION

The main reason for using fine mesh near interfaces in one-dimensional
vertical column models is the possible presence of large variations in
saturation, pressure, and potential as water moves vertically from one unit
to another that has very different material properties. The external driv-
ing force in the vertical column is gravity itself. Along the lateral
direction in the two-dimensional models, there is only one interface: the
formation-fault boundary. Furthermore, the external driving force is
much weaker, namely the lateral component of gravity. For a 6 tilting,
the sine of 6 is 0.1. So the external driving force along the lateral
direction is approximately 10% of gravity. If the movement of partially
saturated flow is determined by the balance of external force with internal
capillary forces, the weaker external force also requires less capillary
force to readjust and to balance the external force. Based on this argu-
ment, we may expect smaller lateral than vertical variation in saturation,
capillary pressure head, and potential.

Table 5 and Figure 5 summarize the five meshes used in the two-
dimensional studies. The first three meshes were used to evaluate lateral
mesh refining effects. Because the digitized grid of Section A-A' has a
column-column separation of 76.2 m (250 ft), the first two-dimensional
model is constructed with three columns; the first column next to the GDF
is 38.1 m wide, and the next two columns are each 76.2 m wide and are
attached to the western side of the first column. The total lateral extent
of the three-column model is 190.5 m [38.1 + (2 x 76.2 m)]. The seepage
boundary nodes that are connected to fixed potential nodes at atmospheric
pressure (zero pressure head) are on the eastern side of the first column.
The seepage nodes have the same elevations as the GDF column. The first
column has the same vertical grid as the seepage nodes, with each node at
Ax * tan(6) higher, where Ax - 19.05 m. The second column is higher
than the first by 57.15 * tan(6) m, and the third column is an additional
76.2 * tan(6) m higher. Meshes in Figure 5 include nodes above and below
the WT. In the simulations the nodes below the WT have been discarded.
The height of the node just above the WT in each column has been adjusted,
and the node has been connected to the zero-pressure WT boundary.

To check whether the lateral grid with Ax - 76.2 m is too wide, we
refine the mesh in two ways. In one refinement we evenly reduce the width
fourfold so that the grid size is Ax - 19.05 m, and the total width is
modeled by ten columns. In the second refinement, we use a nonuniform grid
with the first column 0.6 m wide, the second column 1.2 m wide, and
subsequent columns approximately doubled in width until the width reaches
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76.2 m. The total width of the ten-even-column mesh and the nine-
nonuniform-column mesh is the same as the. three-column coarse mesh
(190.5 m)).

The fourth and fifth meshes in Figure 5 and Table 5 cover wider
sections. The five-column model adds two more columns, each 76.2 m wide,
to the west side of the three-column model to extend the total width to
343 m. The nine-column model further extends the section to 648 m wide
with four additional 76.2-m-wide columns. These wider models have been
used to study the effects of larger sections on the distribution of fluid
flow in a tilted, layered system under partially saturated conditions.

The results for the first three 190.5-m-wide models with 0.1-mm/yr
infiltration are given in Figures 6 through 14, and the results for wider
section models are given in Figures 15 and 20. For each model, saturation,
pressure head, potential, conductivity, darcy velocity, and matrix velocity
distributions are plotted. For saturation, pressure head, and potential,
both vertical profiles along each column and cross-section contours over
the modeled region are plotted to illustrate two-dimensional distributions.
Vertical profiles are plotted from calculated results without interpola-
tions. Vertical profile plots can also illustrate clearly deviations of
the two-dimensional results from the one-dimensional results. On the other
hand, profile plots can be unwieldy-when there are many columns and when
profiles are very close to each other. Contour plots illustrate the two-
dimensional effects better than profile plots. However, contour plotting
results are sensitive to spline-fitting interpolation and extrapolation
schemes. In alternating layer systems with discontinuous saturation
changes and abrupt pressure and potential slope changes across interfaces
between different welded and nonwelded units, contour distortions caused by
spline-fitting can be large near the interfaces. It is important to recog-
nize these distortions in analyzing contour results. Profile and contour
plots are given to complement each other.

Six profile plots and three contour plots are presented for each
model. The conclusions that can be drawn' from the results for the five
models are essentially the same. It is, therefore, easier to analyze the
results of simple models first before checking the results of complex
models. For the three-column model, Figure 6a shows that the matrix
saturation along Column 1 closest to the GDF boundary is slightly higher
than the saturation of the other two columns. 'The eastern tilting of. the
units results in slightly higher matrix saturations on the eastern side of
the cross section. To illustrate this small saturation redistribution, a
1% saturation interval was used to plot contours of 'the area bounded by
Column 1 and Column 3 in Figure 7a. The contours are labeled in 2% divi-
sions with the label in the middle of the contour. corresponding to 86%.
Using a It interval many contours have been plotted near the welded-
nonwelded interfaces because saturations change discontinuously across
these interfaces. The distortions are also large. The contours are for
the matrix saturation distributions.. In Figure 6a profiles of 'fracture
saturations are also plotted. The fractures are'dry except at the lowest
nodes connected to the WT.

Figures 6b and 7b show that the pressure head along Column 1 closest
to the seepage boundary is slightly higher than pressure heads of the other
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two columns. Pressure head values remain negative, and deviations of two-
dimensional three-column results from one-dimensional one-column results
(Figure 3b) are small. Deviations of two-dimensional potential distribu-
tions (Figures 6c and 7c) from one-dimensional potential distributions
(Figure 3c) are even smaller. From matrix saturation, pressure head, and
potential results of the three-column model, tilting of the units changes
the vertical distributions very little.

Figure 8a illustrates conductivity distributions in the three-column
model. Conductivity times potential gradient determines darcy flux.
Figure 8b shows that vertical darcy velocity along Column 1, closest to the
GDF boundary, is approximately 10% higher than the 0.1-mm/yr infiltration
rate; flow in Column 2, in the middle, is approximately 0.1 mm/yr; and flow
in Column 3, away from the GDF boundary, is approximately 10% lower than
0.1 mm/yr. In Figure 8b lateral components of darcy velocity from Column 3
to Column 2 and from Column 2 to Column 1 are also plotted. In the slanted
meshes used in this study, lateral fluxes between two neighboring columns
are evaluated for both pressure and elevation differences of neighboring
nodes. Because elevation differences are included in flux calculations, a
lateral velocity is not a horizontal velocity. Lateral velocities measure
flux magnitudes along layers parallel to tilted interfaces. In Figure 8b
lateral components are plotted on the same scale as vertical components.
Figure 8b mainly shows that lateral darcy velocities are much smaller than
vertical darcy velocities. Details of lateral flow distributions of the
nonwelded PTn unit will be plotted later in a different fashion after the
results of other models are discussed.

Groundwater velocity through pores can be determined from darcy
velocity, saturation, and porosity. The matrix velocity profiles of the
three-column model are shown in Figure 8c. Discontinuity of matrix pore
velocity across interfaces originates from different porosity values in
different layers. For example, because the upper lithophysae-rich TSwl
unit has a higher porosity value than the lower TSw2 unit, the correspond-
ing matrix pore velocity changes from low values in TSwl to high values in
TSw2. All other quantities (saturation, pressure, potential, conductivity,
and darcy velocity) are the same in TSwl and TSw2, which have the same
partially saturated characteristic curves. Based on matrix pore velocity,
we can calculate nondispersive groundwater travel time from the repository
to the WT. Groundwater travel time based on vertical velocity along Column
1 is approximately 20% greater than the groundwater travel time along
Column 3.

Figures 9 through 14 are the results for the ten-even-column model and
for the nine-nonuniform-column model, respectively. The sequence and the
content of the profile and contour subplots for each model are the same as
the three-column model. With finer lateral grids, saturation contour plots
in Figures 9a and 12a are visually smoother than the three-column plot in
Figure 6a. Visual differences are due mainly to spline-fitting distor-
tions. Calculated results at nodes are not that sensitive to mesh refine-
ments. We will analyze mesh refinement effects more quantitatively later,
in comparative plots. Because the contour plots cover only the region
between the easternmost and the westernmost columns, the contour plot for
the ten-even-column model covers a slightly larger section than the nine-
nonuniform-column model and the three-column model. Scanning through the
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subplots in saturation, pressure head, potential, conductivity, darcy
velocity, and matrix velocity in Figures 9 through 14, we observe the same
mild redistribution effects with higher saturation, pressure head, poten-
tial, conductivity, darcy velocity, and-matrix velocity values along the
eastern columns than along the western columns. Results in Figures 6
through 14 indicate that the three-coarse-column mesh is adequate to model
the lateral variations of the fluid flow field for the tilted interfaces
bounded by a seepage boundary in the 0.1-mm/yr infiltration cases. The
only noticeable differences among the results of these three models with
different mesh refinements are the velocities at the very bottom, where the
columns are connected to the WT. The onset of fracture flow near the WT is
resolved in more detail with the finer mesh models. Above the WT, flow
remains in the matrix everywhere for the 0.1-mm/yr infiltration.

Because a three-column mesh with Ax - 76.2.m can be used to model
lateral variations of the fluid flow field of a 190.5-m tilted section, we
added- two and six more columns to the west side of the three-column mesh.
Figures 15 through 20 show the results for the five-column, 343-m-section
model and the nine-column, 648-m-section model, respectively. With 'wider
cross sections, lateral variations in saturation, pressure head, potential,
conductivity, darcy velocity, and matrix velocity are proportionally
larger. With more columns and larger vertical offsets, profile plots of
wider section models are more complex than profile plots of the early
three-column, 190.5-m-section model. It is more illuminating to compare
the contour plots in Figures 15 through 20 with corresponding ones in
Figure 6. Saturation and pressure head contours illustrate fluid flow
redistribution effects with higher saturation and pressure head in the east
than in the west. Potential contours also show an interesting reorienta-
tion effect. In a 190.5-m section with three columns, equal potential
lines are approximately parallel to tilted interfaces as shown in Figure
7c. In a 343-m section with five columns, equal potential lines become
more horizontal and less parallel to the tilted interfaces as shown in
Figure 16c. And in a 648-m section with nine columns, equal potential
lines are even more horizontal in the midsection, away from the eastern and
western boundaries as shown in Figure 19c. This indicates that the
direction of the fluid flow is nearly vertical in the interior of wide
sections with tilted alternating layers. The width of Section A-A' between
GDF and SC is 1,266.5 m.

The results of the five models with a 0.1-mm/yr infiltration are
summarized and compared in Figure 21. Matrix saturation, pressure head,
potential, conductivity, vertical darcy velocity, and vertical matrix
velocity for nodes in the middle of the TSw2 unit are plotted versus the
horizontal coordinate. From the results of the first three models with
three columns, ten-even columns, and nine-nonuniform columns for a 190.5-m
section, we note that numerical uncertainties associated with lateral mesh
refinements are small. Based on the differences between saturation for the
easternmost and westernmost columns, the rate of linear saturation change
is calculated at 17%/km for the 190.5-m models. Lateral profiles of the
five-column, 343-m-section model are approximately linear as are those of
the 190.5-m-section models. The difference between the saturation in
Column 1 and the saturation in Column 5 is 4.4% which is equivalent to
15%/km. For the nine-column, 648-m-section model, lateral profiles have
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a slight sigmoid (s-shaped) flexure, with more variation near the side
boundaries and less variation toward the middle of the section. The dif-
ference between the matrix saturation in Column 1 and in Column 9 is 6%
which is equivalent to 10%/km. We expect that lateral distributions from
even wider section models will be more sigmoidal, with variations in
saturation in the interior of the sections away from the side boundaries
even less than 10%/km. The 10% saturation-change/kilometer rate is
probably high for sections wider than 648 m. Based on the results of the
nine-column, 648-m-section model, upper bounds can also be estimated for
the other variables: pressure head, 60 m/km; potential, 44 m/km; vertical
darcy velocity, 0.085 mm/yr/km; and vertical matrix pore velocity, 0.79
mm/yr/km.

The time for groundwater to travel from the repository to the WT can
be calculated from the vertical matrix pore velocity. For the nine-column
model, groundwater travel time along the easternmost column is approxi-
mately 50% less than travel time along the westernmost column. If the
section width is doubled, groundwater travel time from different points in
the repository is expected to vary by a factor of 2. Fluid flow redistri-
bution induced by tilting units is unlikely to introduce order-of-magnitude
changes in the groundwater travel time for the 0.1-mm/yr infiltration
cases.

In the potential lateral distribution shown in Figure 21c, we also
plot the elevation of the midplane of the TSw unit, which has an equivalent
elevation variation of 105 m/km associated with the 6' tilting. Because
the midplane of a unit is parallel to tilted interfaces, the lateral pro-
files in Figure 21 are along the direction with the dip angle of 6-. Along
the tilted midplane, potential is higher in the west than in the east. If
we follow a horizontal direction with constant elevation, potential is
higher in the east than in the west. In a horizontal direction with
constant elevation, the fluid flow is driven by the pressure field, which
is higher in the east than in the west. Overall flow direction is more
clearly inferred in potential contour plots (Figures 7c, 16c, and 19c) that
show nearly horizontal equal potential lines quasi-parallel to the tilted
interfaces. Overall flow direction is nearly vertical, with a small
component toward the west. In analyzing lateral flow along a tilted layer,
it is important to recognize the overall flow direction.

In the vertical profile plots of darcy velocity and matrix velocity
(Figures 8b, 17b, and 20b), both vertical velocities along the columns and
lateral velocities from column to column are included. Comparison shows
that the magnitude of the lateral velocities is much smaller than the mag-
nitude of the vertical velocities. The magnitude of lateral flows in
the PTn unit is greater than the magnitude, in other units. Figure 22
illustrates column-to-column lateral darcy velocities versus the horizontal
coordinate for this unit. Lateral flow is the mechanism to redistribute
vertical infiltration by channeling water from the west to the east, so
that the vertical darcy flux is higher in the east than in the west, and
saturation is higher in the east than in the west. Magnitudes of lateral
flow are higher in the middle of the cross section than near the side
boundaries. For the 0.1-mm/yr cases in Figure 22, lateral flows are zero,
x - 0, at the seepage boundary. In other words, water does not exit
through the fault-formation boundary. The lateral gravity gradient asso-
ciated with the tilting of the interfaces cannot overcome the capillary
forces that hold water in partially saturated formations.
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The onset of seepage flows is simulated in the 0.5-mm/yr infiltration
cases. Figures 23 through 28 give the results for the three-column,
190.5-m-section model and the five-column, 343-m-section model, respec-
tively. Based on the one-dimensional results (Figure 4), the units are
nearly saturated -in the 0.5-mm/yr infiltration cases. Figure 4b shows
that the pressure' Value at the interface between the CHnv unit and the CHnz
unit is nearly zero. In the three-column, 190.5-m-section model for the
0.5-mm/yr infiltration case, seepage flow is observed only at the CHnv-CHnz
interface (Figure 25b). It is of interest to note that in this case,
seepage flow is still matrix flow. The fractures at the exit point are
noticeably saturated (Figure 23a) but still below the phase constriction
cutoff to initiate fracture flow (Wang and Narasimhan, 1985). When we use
the five-column, 343-m-section model for the 0.5-mm/yr infiltration case,
the wider section allows more saturation and pressure redistribution. The
onset of fracture flow (Figure 28d) and seepage velocity (Figure 28b in log
scale) is much greater than in the three-column model (Figure 25b). How-
ever, in terms of mass fluxes, both the three-column and five-column models
yield approximately the same 8% lateral diversion. In other words, 8% of
the infiltration on the GRD exits at the CHnv-Chnz interface in the two-
dimensional section, and the remaining 92% moves down to the WT. The total
water introduced into the cross section is proportional to the infiltration
rate times east-west width on the GRD. In a wider section, more water
enters the cross section on the GRD, and proportionally more water leaves
the cross section at the side seepage point. If the amount of water flux
driven by the lateral gravity gradient parallel to the tilted interfaces
is larger than the matrix saturated conductivity, fracture flows will be
initiated. For wide sections with seepage flow through fractures, the
velocity of the fracture flow will be orders of magnitude- larger than the
matrix velocity. Based on the material properties used in this study,
seepage flow is observed only in the CHnv-Chnz interface for the 0.5-mm/yr
cases. If different characteristic curves are used for the units, we may
also generate results with seepage flow in other units, provided the units
have pressure values of nearly zero and the redistribution effects are
strong enough to increase pressure values to nonnegative ranges. Based on
the material properties used in this study, the saturation and pressure
distributions for the 0.5-mm/yr infiltration do not represent ambient par-
tially saturated conditions at Yucca Mountain. Therefore, predictions of
the existence of seepage flows in the 0.5-mm/yr cases are mainly modeling
exercises.

5.0 SUMMARY AND DISCUSSION

In modeling the hydrology of Yucca Mountain, it is important to assess
the impacts of faults -that traverse the alternating layers. First, if
faults are barriers to fluid flows, these faults will partition the system
into separate hydrologic blocks, and we can focus on studying the flows
through the interior of the blocks. Second, if the faults are the main
conduits for fluid flow, we should focus on studying the fault flows. In
saturated systems, there is a clear distinction between these two possi-
bilities. A closed fault is treated as a no-flow boundary, and an open
fault may be treated as a constant potential boundary. In the latter
case, faults may help transport water from a far-removed source or may help
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remove water to a deeper sink. In partially saturated systems, there is
not as clear a distinction between an open and a closed fault.

If a fault is made up of broken-up mass because of brecciation, it
will have very coarse openings that can be easily drained. If the openings
are dry, there is no fluid to be transported. On the other hand, a dry
opening is not a barrier to fluid flow. If water enters the opening,
the opening will be highly permeable and offer low resistance to fluid
movement. Under partially saturated conditions, an open fault becomes a
passive boundary that can transport water if water enters it but cannot
hold water because the capillary force in large openings is very weak.

If a fault is sealed with gouge and fine-grained materials, it can
hold water and may even attract water with the strong capillary force
associated with small openings. On the other hand, small openings have low
permeability and cannot be good conduits for transporting fluid. Under
partially saturated conditions, a closed fault becomes a relatively wet
zone that passively keeps water in nearly static conditions.

There is a third, remote, possibility that the fault may have a unique
combination of saturated and unsaturated characteristics. If the fault
material can maintain both strong capillary attractive force and large
permeability, then the fault can pull water away from the formation and
transport it quickly away from the system. We cannot rule out the exis-
tence of such a unique combination wherein fault flow would control the
partially saturated hydrology. Because basic rock compositions in the
fault will likely be altered tuff also, tuff hydrologic parameters from
several previous reports in Appendix A are compiled and compared to check
whether material properties for a fault with a high saturated conductivity
and strong suction characteristics can be used. There are no data for the
fault zone materials to clearly distinguish whether faults in tuff forma-
tions have open, closed, or exotic characteristics.

In this study, we do not use material properties to represent the
fault. We treat the fault-formation boundary as a seepage boundary and
assume that the fault is so open that the capillary force is zero and the
saturated permeability is infinite. The face of the fault behaves like the
surface of a hillside exposed to atmospheric pressure. We focus, there-
fore, on the interior of the formation to determine whether water can
overcome the capillary forces holding it inside the tuff matrix. If water
does not exit through the fault-formation boundary, the seepage boundary is
essentially a closed boundary. If water remains inside the formations,
distribution of fluid flow will be independent of whether the fault is open
or closed. The only possibility we do not model in this study is the third
possibility, wherein the fault acts like a strong capillary suction sink as
well as a high-permeability conduit under partially saturated conditions.

Based on the results from models with two-dimensional cross sections
for alternating layers tilted toward the seepage boundary on the east, we
may conclude that for the 0.1-mm/yr infiltration

o Eastern tilting of the units contributes to the redistribution of
flow, resulting in higher saturations and higher vertical veloci-
ties in the eastern side of a block bounded by faults. This
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redistribution effect is approximately proportional to the width of
the cross section.

o Nonwelded, units are major channels in redistributing vertical
infiltration. Lateral flow is greater in the middle of a cross
section than near the side boundaries.

o Tilting itself is not a -strong enough mechanism to induce drastic
changes in the saturation, pressure, and potential distributions to
drive flows into fault zones.

The mild lateral variations in saturation, pressure, and potential
indicate that the one-dimensional results are fairly good estimates of
ambient conditions. The lateral tilting mechanism is a second-order per-
turbation that does not globally change the downward, gravity-driven flow
patterns. So long as fluid flow remains inside partially saturated units,
redistribution effects due to tilting will not introduce order-of-magnitude
differences in fluid transport predictions. If the system is on the verge
of making a phase transition from a partially saturated to fully saturated
condition, as in the case of the 0.5-mm/yr infiltration, the lateral tilt-
ing mechanism can perturb the system and change a fraction of fluid flow
from dispersed slow flows percolating through the formations to concen-
trated fast flows rushing down the faults. If fault flow is important, the
early arrival portion of the groundwater travel time distributions may be
controlled by the fault characteristics. For ambient conditions with large
negative pressures in all partially saturated units, it is unlikely that
the lateral tilting mechanism can perturb the pressure and saturation field
significantly enough to overcome the negative capillary forces holding
water in formations and to change groundwater travel time distributions
drastically.
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TABLE 1

FORMATION THICKNESS

Thickness Elevation Tilting
Unit (m) (m) Angle

Tiva Canyon
Welded Unit (TCw) 41.46 511.32 5.4

Paintbrush
Nonwelded Unit (PTn) 41.20 470.12 5.3"

Topopah Spring
Welded, Lithophysal 95.45 .374.67 6.9°
Unit (TSwl)

Topopali Spring
Welded Unit (TSw2) 232.08(l) 142.59 5.6"

Calico Hill Nonwelded,
Vitric Unit (CHnv) 14.74 127.85 2.06(2)

Calico Hill Nonwelded,
Zeolitic Unit (CHnz) 108.02 19.83 6.6

Pah Pass
Welded Unit (PPw) 43.86 -24.03 7.0(2)

Crater Flat
Nonwelded Unit (CFUn) 80.09 -104.12 8.7'(2)

Bullfrog Welded
Unit (BFw) 111.18 -215.30

1. In constructing the meshes, this unit is further separated into three
zones: above the repository midplane (RMP, 110.44 m), the disturbed
zone (DZ, 50.71 m), and below the disturbed zone (70.93 m).

2. Not used in evaluating the average tilt angle (6-) of the interfaces.
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TABLE 2

MATRIX PROPERTIES

Unii

TCw

PTn

TSw]

TSwj

CHni

CHn2

PPw

CFUr

BFw

1.

2.

3.
4.

5.

Saturated
Permeability k
Conductivity (15 Porosity(2)

t - M2(=m/yr) _ _ _

van Genuchten Parameters
a(4)(1/m) n(4) Sr (5)

Compressibility(3)
(1/m)

2.55 x 10-18 (0.789) 0.114 8.21 x 10-3 1.558 0.002 6.2 x 10-7

2.45 x 10-15 (757.385) 0.448 3.05 x 10-2 1.22 0.040 8.2 x 10-6

1 2.33 x 10-18 (0.722) 0.143 5.67 x 10-3 1.798 0.091 1.2 x 10-6

2.33 x 10-18 (0.722) 0.1168 5.67 x 10-3 1.798 0.091 5.8 x 10-7

v 3.46 x 10-16 (107.168) 0.3541 4.40 x 10-2 1.496 0.0852 3.9 x 10-6

1.73 x 10-18 (0.535) 0.3064 3.08 x 10-3 1.602 0.1211 2.6 x 10-6

2.84 x 10-16 (87.742) 0.2557 1.41 x 10-2 2.639 0.0686 1.5 x 10-6

n 6.99 x 10-17 (21.637) 0.3239 3.82 x 10-3 1.9455 0.2282 2.4 x 10-6

3.83 x 10-16 (118.439) 0.2391 2.025 x 10-2 3.2025 0.0584 1.7 x 10-6

TCw and PTn values taken from Sinnock et al. (1984); other values taken from the NNWSI
Reference Information Base (RIB, 1986). Section 1.1.4.2.
TCw, PTn, and TSwl values taken from the RIB, Section 1.3.1.2.1-4; other values calculated
from data in the RIB, Sections 1.1.8.1 and 1.1.3.1-2.
Nimick et al. (1984).
From Peters et al. (1984) with sample code: TCw:G4-1, PTn:G4-2, TSwl:G4-6, TSw2:G4-6,
CHnv:GU3-15, CHnz:G4-11, PPw:G4-18, CFUn:G4-19/20, BFw:G4-21/22.
TCw and PTn values taken from Peters et al. (1984); other values taken from the RIB,
Section 1.1.3.1-2.
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TABLE 3

FRACTURE PROPERTIES

Bulk Saturated
Permeability

Conductivity(')
m2 (mm/vr)

Fracture (2)
Spacing D (m)

VerticQal Horizontal

Effective
Aperture b (mm)

Vertical HorizontalUnit

TCw

PTn

TSwl

TSw2

CHnv

CHnz

PPw

CFUn

BFw

Discrete Fracture
Permeability ks(m2)
Vertical Horizontal

9.87 x 10-10 1.72 x 10-91.18

2.42

1.18

1.18

2.42

2.42

1.18

2.42

1.18

x 10-12

x 10-13

x 10-12

x 10-12

x 10-13

x 10-13

x 10-12

x 10-13

x 1o-12

(3.65 x 105)

(7.5 x 104)

(3.65 x 105)

(3.65 x 105)

(7.5 x 104)

(7.5 x 104)

(3.65 x 105)

(7.5 x 105)

(3.65 x 105)

0.18

1.02

0.21

0.21

2.12

2.12

1.49

5.07

0.393

0.42

.1.12

1.26

1.26

4.49

4.49

2.73

4.49

3.39

0.109

0.114

0.114

0.114

0.146

0.146

0.219

0.195

0.141

01.44

0.118

0.208

0.208

0.187

0.187

0.268

0.187

0.289

1.09

1.09

1.09

1.77

1.77

4.01

3.16

1.65

x 10-9

x 10-9

x 10-9

x 10-9

x 10-9

x 10-9

x 10-9

x 10-9

1.15 x 10-9

3.59 x 10-9

3.59 x 10-9

2.91 x 10-9

2.91 x 10-9

6.00 x 10-9

2.91 x 10-9

6.94 x 10-9



TABLE 3

FRACTURE PROPERTIES (concluded)

Contact(3)
Cutoff Aperture

bc (mm)
Vertical Horizontal

Aperture(4)
Distribution

Parameter 0 (mm-1)
Vertical Horizontal

Fracture(5)
Surface Contact

Area
Cd

Discrete(b)
Fracture

Compressibility
(l/m)U~nit

TCw

PTn

TSwl

TSw2

0.010 0.014

0.027 0.028

0.027 0.050

0.027 0.050

24.8 18.8

21.7 21.1

21.7 11.9

21.7 11.9

2.8%

11.8%

12%

12%

1.32 x 10-6

1.90 x 10-7

5.60 x 10-8

1.20 x 10-7

CHnv 0.041 0.053

0.132 0.169

16.6 13.0

N)
CHnz 12.7 9.91

15% (no zeolite)

50% (w. zeolite)

35%

2.80 x 10-8

2.80 x 10-8

1.20 x 10-7PPw 0.130 0.159 9.53 7.79

CFUn 0.115 0.110 10.7 11.2 35% 2.80 x 10-8

BFw 0.083 0.170 14.9 7.24 35% 1.20 x 10-7

1. Representative values taken from Well J-13, Thordarson (1983), and Sinnock et al. (1984).
2. Derived from the average fracture spacings and orientation data in Boreholes USW G-1, UE-25a#1,

USW GU-3/G-3, USW G-4, and Bauer (1987).
3. Derived from bulk saturated permeability and fracture spacings, assuming two vertical sets and

one horizontal fracture set.
4. Derived with gamma distribution from permeability and surface contact area for rough-walled

fractures, Wang and Narasimhan (1985).
5. Assumed to be equal to the fraction of fracture surface coated with clay, calcite, and/or

zeolite, in Borehole USW G-4, Spengler and Chornack (1984).
6. Peters et al. (1984).



TABLE 4

VERTICAL GRID
-

Thickness
--(m) Coarse. Even Gri

Grid Spacing (in

Ad Fine. Nonuniform Grid_

TCw 41.46

PTn 41.20

twenty 2.07s

four 10.30s

four 23.86s

four 27.61s

0.49,0.87,1.55,2.76,4.91,
4.91,4.91,4.91,4.91,2.76,
2.76,2.76,1.55,0.87,0.49

0.50,0.88,1.57,2.79,4.96,
4.96,4.96,4.96,4.96,4.96,
2.79,1.57,0.88,0.50

0.67,1.20,2.13,3.78,6.72,
11.96,21.27,21.27,11.96,
6.72,3.78,2.13,1.20,0.67

0.67,1.18,2.11,3.74,6.66,
11.84,21.06,21.06,21.06,
21.06

TSwl

TSw2
(above RMP)

95.45

110.44

TSw2(DZ) 50.71 two 25.35s 16.90,16.90,16.90

TSw2
(below DZ)

70.93

CHnv 14.74

CHnz 108.02

three 23.64s

one 14.74

eight 13.50s

six 7.31s

16.71,16.71,16.71,9.40,
5.28,2.97,1.67,0.94,0.53

0.64,1.13,2.01,2.01,2.01,
2.01,2.01,1.13,1.13,0.64

0.64,1.13,2.01,3.57,6.36,
11.31,11.31,11.31,11.31,
6.36,6.36,6.36,6.36,3.57,
3.57,3.57,3.57,3.57,2.01,
2.01,1.13,0.64

0.70,1.25,2.22,3.95,3.95,
3.95,3.95,3.95,3.95,3.95
3.95,3.95,2.22,1.25,0.70

PPw 43.86

CFUn 80.09 0.78,1.38,2.46,4.37,7.77
7.77,7.77,7.77,7.77,7.77,
7.77,7.77,4.37,2.46,1.38,
0.78

0.78,1.38,2.46,4.37,7.77,
7.77,7.77,7.77,7.77,7.77,
7.77,7.77,7.77,7.77,7.77,
7.77,4.37,2.46,1.38,0.78

BFw 111.18
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Model

Three-column, even

Ten-column, even

Nine-column, nonuniform

Five-column, even

Nine-column, even

TABLE 5

LATERAL GRID

Width (m)

190.5

190.5

190.5

342.9

647.7

Grid Spacing (m)

38.1,76.2,76.2

19.05,19.05,19.05,19.05,
19.05,19.05,19.05,19.05,
19.05,19.05

0.6,1.2,2.4,4.8,9.7,19.4,
38.1,38.1,76.2

38.1,76.2,76.2,76.2,76.2

38.1,76.2,76.2,76.2,76.2
76.2,76.2,76.2,76.2
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Figure 1. Location of Section A-A' Through the Central Portion of Yucca
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APPENDIX A

CORRELATION OF SATURATED AND PARTIALLY
SATURATED FLOW PARAMETERS

In this appendix, we have compiled and compared the tuff hydrologic
parameters tabulated and/or used in several previous reports. Specif-
ically, we have focused on the laboratory matrix data and the sand fracture
model in Peters et al. (1984) and Klavetter and Peters (1986); the matrix
data and fracture/fault model in Rulon et al. (1986); and the fracture
model parameters tabulated in this report (Table 3), which are deduced from
fracture spacings in Wang and Narasimhan (1985). Although the available
data base included in these reports may be limited and the models simple,
we hope to gain some insight in understanding variabilities and trends in
tuff hydrologic properties and to develop bounding guidelines for choosing
model parameters. We have also examined whether there are statistically
significant relationships and interdependencies among the flow parameters.

Saturated Conductivity Versus Characteristic Pore Size

Intuitively, we expect a coarse-grained, loosely packed medium to have
large flow channels and high conductivity under saturated conditions, while
a fine-grained, densely packed medium has small flow channels and low
saturated conductivity. Under partially saturated conditions with negative
suction pressures, large channels will be easily drained, while small
channels may still hold water due to capillary forces. If this intuition
is physical, we should expect a correlation between saturated conductivity
and some of the parameters that characterize the desaturation process. One
such parameter is air entry pressure.

The air entry pressure head can be easily defined by using the Brooks
and Corey model (1966) for the saturation-pressure head relationship
(characteristic curve):

((h) - (Rh -(ah)-> if h s ha (Al)

and e(h) - 1 if h > ha * e is the effective saturation

e S -Sr
Ss Sr (A2)

with the subscripts s and r indicating saturated and residual values of
saturation S. respectively. In Equation Al, ha is the air entry pressure
head (also known as bubbling pressure in soil literature). The parameter
a a -ha-l is used in other models. The parameter A - 0 characterizes the
slope of desaturation in the log (e) versus log (-h) relationship. When
the suction head h becomes more negative than the air entry head ha, air
enters the pores and water flows out of the medium to initiate desatura-
tion. If flow channels are represented by capillary tubes or fractures, we
can define air entry radius/aperture by the capillary equation

ra pga - 2a a . (A3)
P~ha pg
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Figure A-la is the saturated-conductivity versus air entry radius/
aperture plot from the three different data sets and models. Each set is
plotted separately in Figures A-lb, c, and d with the tuff units labeled.
The tuff matrix data in Figure A-lb are based on laboratory measurements of
1.4- x 1.2-cm (diameter x length) cylinders subcored from core samples of
Boreholes USW G-4 and USW GU-3 (Table A.2 of Peters et al., 1984). For
some core samples, saturated conductivity values from different subcores
varied, and two points were plotted in Figure A-lb to correspond to the
range of measured values. For a few samples, only the upper bound of satu-
rated conductivity was measured and plotted. The saturated conductivity
values for fractures in Figure A-lb were determined from saturated flow
measurements of fractured cores under stress. Characteristic parameters
of a typical sand were chosen to describe the desaturation behavior of
fractures (Klavetter and Peters, 1986).

Figure A-lc is based on the data and parameters used by Rulon et al.
(1986) in a large-scale (103 - 104 m) simulation study of potential lateral
diversions of infiltration into fault zones. For fault zones on the side
boundaries and for the Tiva Canyon welded unit (TCw) on the top, fracture
flow conditions were assumed and fracture saturation-pressure relationships
were given in the Brooks-Corey form, with parameters determined by a theo-
retical model of Harrold et al. (1985). Van Genuchten parameters were
given for the Paintbrush nonwelded unit (PTn), the matrix of the Topopah
Spring unit (TSw), and the Calico Hills nonwelded, vitric unit (CHnv). In
addition to the matrix flow condition, the TSw unit was also modeled as a
fracture-flow-only unit and as a fracture-matrix composite medium. Hori-
zontal saturated conductivities were assumed to be ten times the vertical
values for the nonwelded PTn and CHnv units. Vertical saturated conduc-
tivity was assumed to be fifty times the horizontal value for the fault
zone. For the fault and for fractures, the saturated conductivities
plotted in Figure A-lc correspond to the bulk conductivity values divided
by porosities. Because porosities in the original tables of Rulon et al.
(1986) may correspond to total instead of fracture porosities, saturated
conductivities in Figure A-lc for the fault and for the fractures are
probably low. Rulon et al. (1986) also studied the effects of changing air
entry pressure of fracture characteristic curves of welded units by two
orders of magnitude.

Figure A-ld was plotted with fracture parameters given in Table 3 in
the text. In terms of parameters 0 and bc, the saturated permeability of
a discrete fracture is (Wang and Narasimhan, 1985)

- b2 1 [6(4 + 8b,).exp(-bc) . (All)
12 12 L Ai

If we neglect, for the moment, the dependencies of both the saturated
permeability in Equation All and the air entry aperture in Equation A10 on
the combined parameters abc, k5 is proportional to p-2, ra is proportional
to p-1, and, therefore, the approximate dependence of k5 is proportional
to ra2. In the log-log plot shown in Figure A-ld, the square dependence is
manifested as a straight line with Slope 2. The saturated permeability ks
and the air entry aperture ra also depend on the combined parameter fibc.
For fractures of the TCw unit on top with a low overburden stress, fracture
contact areas and corresponding contact apertures bc are smaller than
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Brooks-Cory and the van Genuchten models is the exponent A or n. The
exponent in the saturation-pressure head relationship also determines the
relative conductivity function if we use some theoretical models. One such
theory was given by Mualem (1976) to predict relative conductivity from a
saturation-pressure curve. Maulem (1976) assumed that flow channels in a
porous medium were composed of capillary tubes with varying radii. If two
tubes were connected in series, the ratio of the tube lengths was assumed
to be proportional to the ratio of the tube radii. With this correlation
between tube length and tube radius, Mualem (1976) derived the relative
conductivity function

e 1 12

1/2 I h(s)
kr(e) - I (A12)

r ~~~f1 ds
0 Ih(s)

If Equation Al is used in Equation A12,

kr(e) - e2.5+2/A (A13)

and

kr(h) - (-ah)-(2+2.5A) (A14)

as shown by van Genuchten (1980). Van Genuchten also used Equation A4 to
derive

kr(e) _ el/2 (1 - (1 - el/m)m12 (m - 1 - 1/n) (A15)

and

k (h) 1 ( m/2 (m - 1 - n) (A16)
r~ ~~[ l+ (-ah)n m/

For large negative values of pressure head, Equation A16 is asympotically
equal to Equation A14 with A - n - 1. Therefore, the log (kr) versus log
(-h) relationship is characterized by 2 + 2.5A. Figures A-3a, b, and c
are plots of saturated conductivity versus this relative conductivity
slope.

If we examine only the tuff matrix data in Figure A-3b and ignore the
sand fracture points, there is a weak correlation between the saturated
conductivity and the slope of relative conductivity. If this correlation
is established statistically, a permeable medium under a saturated con-
dition will be easily drained by a negative suction pressure. In Figure
A-3c, the few points do not show such a correlation. In Rulon et al.
(1986), the exponents of the relative conductivity curves for the fault
and fractures were given independently and not derived from the exponent
of saturation-pressure curves. The values of the exponent A for the
saturation-pressure curves were approximately 2(A - 1/0.497 for fault and
A - 1/0.491 for fractures). Values of the exponent for log (kr) versus
log (-h) curves were approximately 4(1.945/0.497 for fault and 1.936/0.491
for fractures). If the Mualem theory is used, a A - 2 characteristic
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Without taking the phase constriction effect into account (by setting
r - 1) and using only the average cubic aperture factor, the exponent of
pressure dependence is 4. The cubic aperture factor alone assumes that all
flow channels in the fracture plane are parallel. When flow channels are
parallel, conductivities from different channels are additive in deter-
mining the total conductivity of the system. When large channels are
drained, liquid will flow along small channels separated by large dry
channels. If a fracture surface is characterized by parallel channels,
conductivity will be highly anisotropic. Normal to channel direction,
there will be no flow when the largest channel is drained and effective
conductivity drops to zero. Certainly most rock fracture surfaces have no
such idealistic parallel channel pattern. The log (kr) versus log (-h)
slopes of -4 in Figure A-3c for the fault and fractures may be too small.
If relative conductivity of a medium drops slowly while saturation drops
quickly as pressure descreases, the medium can become very dry but still
maintain high conductivity, as shown in Figures A-5a and b.

It is also of interest to note that the Mualem or Burdine theory for
porous media takes into account the effect of capillary tubes in series.
The cubic aperture average factor alone does not consider any possibility
that flow channels can be connected in series. The phase constriction
factor was introduced in Wang and Narasimhan (1985) to correct for unreal-
istic characteristics of parallel flow channels in simple cubic law. Con-
ductivities are sensitive to channel-in-series effects. Cubic law may
overestimate conductivity under partially saturated conditions with high
negative pressure values.

Summary

In studying heterogeneous systems with faults and fractures together
with porous flow regions, if the conductivities of faults or fractures are
overestimated relative to the porous medium, corresponding fault and frac-
ture flows may also be overestimated. In the absence of data on relative
conductivity under partially saturated conditions, theoretical models were
used for the fault/fracture and porous tuff units. If the model for the
porous medium takes into account the channel-in-series effect, the use of a
generalized cubic aperture law without considering the channel-in-series
effect may overestimate the fault/fracture conductivities under partially
saturated conditions. In this appendix, we have analyzed available data
and have compared models to assess characteristic parameters of saturation
and relative conductivity. Saturated conductivity appears to be correlated
with sizes of the largest channels and the average capillary channels.
Saturated conductivity may also be correlated with the slope of relative
conductivity, which measures how easily the medium loses its conductivity
under negative pressure. A loose medium with high saturated conductivity
usually is more easily drained than a tight medium with low saturated con-
ductivity. If correlations between saturated conductivity and partially
saturated characteristic parameters can be shown to be statistically sig-
nificant, it will be valuable to substantiate the role reversal between
fractures and porous medium and between fault and formation in the
transition from saturated conditions to partially saturated conditions.
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APPENDIX B

INFORMATION RELEVANT TO THE REFERENCE INFORMATION BASE

B-1. The following are sources of data used in this report.

1. Tables 1, 2, and 3 contain information for hydrologic data used
in the report. All data were taken from NNWSI Reference
Information Base (RIB, April 1986) and from Sinnock et al.
(1984); Peters et al. (1984); Ortiz et al. (1984); Nimick et al.
(1984); Thordarson (1983); Spengler and Chornack (1984); and Wang
and Narasimhan (1985).

2. Figure 4 shows the grids of two-dimensional cross section models.

B-2. Data Recommended for Inclusion in the Reference Information Base:

No results are candidate for inclusion in the RIB.

B-3. Data Recommended for Inclusion in the Tuff Data Base:

None.
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