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Physical and Hydrologic Properties of Rock Outcrop
Samples at Yucca Mountain, Nevada

By Lorraine E. Flint, Alan L. Flint, Christopher A. Rautman, andJonathan D. Istok

Abstract

A data set was developed from laboratory
measurements of physical and hydrologic proper-
ties of surface outcrop samples collected from
eight transects at Yucca Mountain, Nevada.
Transects were located to represent the vertical
and spatial variability of nonwelded and welded
tuffs in major flow units. Horizontal variability
was examined for several lithologic zones by con-
ducting horizontal transects. Physical properties
measured were bulk density, particle density, and
porosity. Hydrologic properties were saturated
hydraulic conductivity, sorptivity determined from
measurements of imbibition, and moisture reten-
tion. Curves were fit to moisture-retention data
using van Genuchten and Brooks and Corey equa-
tions.

Descriptive statistics of all rock properties
showed major differences between nonwelded and
welded units. Hydrogeologic units, based on
physical and hydrologic properties, were deter-
mined to simplify flow modeling. Moisture-
retention curve-fit parameters were compiled for
predicting unsaturated flow. Relationships of
porosity to saturated hydraulic conductivity and
van Genuchten parameters were examined.

INTRODUCTION

Studies are underway at Yucca Mountain,
Nevada, to characterize physical and hydrologic condi-
tions for a potential high-level radioactive-waste repos-
itory. Site characterization requires the development of
three-dimensional models describing hydrogeologic
units in terms of inputs for numerical models (physical
and hydrologic-flow properties). It is also important to
understand the spatial distribution of these properties,
vertically and horizontally, in order to estimate values
at unmeasured points. Deterministic processes of vol-
canism caused the initial formation of the rock units,
and it is useful to be able to correlate rock properties

with the more qualitative descriptions of rock lithology
that occur on a larger scale (Rautman and Flint, 1992).

Preliminary data were collected to develop meth-
ods and evaluate spatial relations to determine sam-
pling frequency. In addition, a data base was
developed to provide some of the parameters needed
for preliminary flow-modeling exercises. Surface
transects of rock outcrops facilitated rapid collection of
closely spaced samples of all units exposed at and
around Yucca Mountain. This report presents the data
collected, descriptive statistics for various units, pre-
liminary hydrogeologic units, and analyses of porosity
compared with flow properties.

There may be skepticism associated with the use
of outcrop samples, many of which have undergone
some degree of weathering, to represent subsurface
material properties. However, there is evidence that
physical and hydrologic properties measured on out-
crop samples can be predicted in boreholes (Istok and
others, 1994) even when using nonwelded rocks that
weather more rapidly. In addition, subsurface borehole
moisture conditions have been successfully modeled
using parameters developed from measurements taken
on surface outcrop samples (Flint and others, 1993).

SITE DESCRIPTION AND LITHOLOGY

Yucca Mountain is 130 km northwest of
Las Vegas, Nevada (fig. 1), and is composed of approx-
imately 6 km? of ash-flow and ash-fall tuffs. These
rocks have been tilted, faulted and eroded, and dip to
the east-southeast, providing exposures of the tuffs of
the Paintbrush Group and underlying tuffaceous beds
of the Calico Hills Formation (fig. 2). At the north end
of Yucca Mountain in Yucca Wash (fig. 1), most of the
tuff of the Paintbrush Group is exposed south of Yucca
Wash. The tuffs are composed of vitric to largely devit-
rified rhyolitic and quartz-latitic flows that range from
nonwelded to densely welded rock with interbedded,
nonwelded pumice and tuff. The Paintbrush Group is
composed of two major thick flow units, the Tiva
Canyon Tuff and the Topopah Spring Tuff. Geologic
nomenclature used in this report is based on the units
described by Scott and Bonk (1984). Between these
members are thinly bedded and nonwelded units, as

Abstract 1
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Figure 1. Study area, potential repository boundary, and location of surface outcrop-sampling transects.
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well as the Yucca Mountain and Pah Canyon Tuffs.
Underlying the Topopah Spring Tuff are the tuffaceous
beds of the Calico Hills Formation, which are non-
welded rocks that have been zeolitized at the north end
of Yucca Mountain, yet remain vitric toward the south
end of the mountain. There are no vitric rocks in the
tuffaceous beds of the Calico Hills Formation exposed
on or near Yucca Mountain. The Prow Pass Tuff is the
most recently deposited and, therefore, the uppermost
flow unit within the Crater Flat Group, which underlies
the Calico Hills Formation.

The Pah Canyon and Yucca Mountain Tuffs are
relatively thick to the north in Yucca Wash and contain
both welded and nonwelded intervals. However, the
welded units thin rapidly southward toward the pro-
posed repository, and only thin intervals of nonwelded
rocks occur in the center of the potential repository
block. Conversely, the Tiva Canyon Tuff thins to the
north, conforms to the topography formed by older
rocks, and is missing several areas in this region.
Despite the significant thickness changes from north to
south, some units exhibit consistent physical and
hydrologic properties from Pagany Wash, south to
Busted Butte (Istok and others, 1994).

METHODS

Sample-Collection Methods

Transects were located to sample all lithologic
units exposed at Yucca Mountain (fig. 1), as well as to
provide spatial coverage to assess the horizontal vari-
ability of several units. These comprised eight separate
transects: five vertical transects, each covering several
rock units, and three horizontal transects to evaluate the
spatial variability of particular units. The location,
length, number of samples, and general lithology for
each transect are listed in table 1.

The vertical transects were located at (1) Soli-
tario Canyon, at the southern end of the potential repos-
itory area, where the Tiva Canyon Tuff, bedded and
nonwelded tuffs and upper Topopah Spring Tuff were
sampled; (2) Busted Butte to the south, where the
Topopah Spring Tuff was sampled; (3) Yucca Wash at
the north end of Yucca Mountain, where the tuffs of the
Paintbrush Group and Calico Hills Formation were
sampled; (4) Windy Wash west of Yucca Mountain,
where the entire section of the tuffaceous beds of
Calico Hills were sampled; and (5) Pagany Wash,
about three-fourths of the way up the wash, where the
upper portion of the Tiva Canyon Tuff caprock
(fig. 1) is preserved.

The horizontal transects of selected lithologic
units were conducted at (1) Solitario Canyon, sampling
the nonwelded base of the Tiva Canyon Tuff (shardy
base); (2) Solitario Canyon, sampling the vitric
caprock of the Topopah Spring Tuff; and (3) Yucca
Crest, sampling the upper-cliff unit of the Tiva Canyon
Tuff. The base of the Tiva Canyon Tuff is a zone that
transitions from the densely welded tuffs to the under-
lying nonwelded and bedded tuffs. This unit (shardy
base) is approximately 7-10 m thick throughout the
potential repository region and grades from partially
welded and 12-15 percent porosity to nonwelded and
50-55 percent porosity. It represents a stratigraphic
feature that may form a hydrologic-flow barrier. This
unit was sampled in detail and discussed by Istok and
others (1994) and Rautman and others (1995). The vit-
ric, densely welded caprock unit of the Topopah Spring
Tuff (vitric caprock) is very thin, approximately 0.2 to
0.4 m thick, and seems to be laterally extensive over the
entire study area. The unit has a porosity of 1 to 4 per-
cent and underlies a high-porosity (40-60 percent)
nonwelded tuff. It represents a lithologic discontinuity
that may influence downward movement of water and
result in lateral diversion. The rocks on the crest of
Yucca Mountain belong to the upper-cliff unit of the
Tiva'Canyon Tuff, which changes in porosity from
approximately 30 percent to 10 percent over a short
vertical distance, so that erosion on the crest of the
ridge has produced a slight north-south trend in poros-
ity. Because this unit forms most of the exposed bed-
rock surface over the potential repository, it was
important to characterize the material properties of this
upper boundary on a north-south trend.

Sampling was performed using water and a
hand-held, gas-powered drill with a 2.5-cm L.D. core
bit. Field samples ranged from 3 to 10 cm long. Sam-
ples were placed in plastic bags and labeled with a
transect identification and a sample number. This num-
ber was either the distance along the transect or a con-
secutive position value. Relative vertical sample
positions were measured using a 1.5-m Jacob’s staff
and Brunton compass, and they were adjusted to true
stratigraphic positions. Relative horizontal positions
were measured in the field using a Topofil string mea-
suring device or 30.5-m chain.

Laboratory Measurements

Cores were prepared for measurement in the lab-
oratory by trimming the ends to a final core length of
approximately 5 cm. If less core was obtained, the final
size was kept as long as possible. All cores were
labeled with a permanent ink marker. Core samples

4 Physical and Hydrologic Properties of Rock Outcrop Samples at Yucca Mountain, Nevada



Table 1. Transects and their location, northing and easting according to Nevada State Plane Coordinate System, length,

number of samples, and lithologic description

[Vertical transects start at the listed location and extend downslope; horizontal transects start at the listed location and extend northward; m, meters]

Length Number
Transect 1D Locatlon description  Northing Easting of Lithologlc description
(m) samples
Solitario Canyon West side of crest, 231,650 170,140 315 169 Upper cliff zone of the Tiva Canyon
(vertical) below USW UZ-6s. Tuff to the top of the lower litho-
physal zone of the Topopah Spring
Tuff.
Busted Butte Northeast side of 225,920 174,650 135 102 Upper nonwelded tuff of the
(vertical) Busted Butte. Topopah Spring Tuff to the basal
vitrophyre.
Yucca Wash South side of 238,660 168,550 290 139 Caprock of the Tiva Canyon Tuff
(vertical) Yucca Wash. through the Calico Hills
Formation.
Pagany Wash Upper Pagany Wash, 236,220 170,700 25 20 Caprock of the Tiva Canyon Tuff to
(vertical) north-facing slope. the upper lithophysal zone.
Calico Hills Windy Wash, south- 238,660 167,640 102 66 Calico Hills Formation and
(vertical) facing slope. Prow Pass Tuff.
Yucca Crest Crest of Yucca 229,510 170,230 5,030 45 Upper cliff zone of the
(horizontal) Mountain. Tiva Canyon Tuff.
Shardy Base West side of crest. 231,650 170,080 701 65 Nonwelded base of the
(horizontal) Tiva Canyon Tuff.
Topopah Caprock ~ West side of crest. 231,340 170,080 1,823 50 Vitric caprock of the
(horizontal) Topopah Spring Tuff.

were saturated with CO, after evacuation of air under a
vacuum to enable the saturation of small internal pores
and then submersed in distilled, de-aired water and left
overnight. Samples were removed, dried with a damp
towel (American Society of Testing Materials, 1977),
and weighed to determine saturated weight. The sam-
ple was then suspended in a beaker of water in a wire
basket to determine volume displacement and then
dried in a relative humidity oven at 60°C and 45 percent
relative humidity and reweighed. Relative-humidity
drying removes water from the pores but retains water
in the crystal or mineral structure (Bush and Jenkins,
1970). Hydrologic-flow properties were measured
before conventional oven drying (105°C) because
structural damage may occur in certain samples with
delicate clay structures or zeolites. Finally the samples
were dried at 105°C to obtain a standard dry weight.

A representative set of 41 samples was selected
for additional measurements to form a composite verti-
cal profile of all units. Imbibition tests were conducted
on these samples to determine sorptivity at relative-
humidity-dried saturations. Samples were weighed
and placed on a wet towel saturated by using a Mariotte
system with a constant head of zero. They were
reweighed repeatedly, and times and weights were

recorded in order to describe the quantity of water
imbibed with time. When plotted as water imbibed
versus the square root of time (t), early imbibition (I) is
calculated as sorptivity (S) according to I = St%3
(Philip, 1957; Talsma, 1969).

After the imbibition tests, the samples were
resaturated, and saturated hydraulic conductivity was
determined on the same 41 samples using a steady-
state permeameter that forces water through the core at
a measured pressure while weighing the outflow with
time. All samples were then dried at 105°C for
48 hours for final calculations. Porosity [(saturated
weight-dry weight)/volume], bulk density (dry weight/
volume), and particle density [porosity/(1-bulk den-
sity)] were calculated. Following these measurements,
subsamples approximately 1 cm long were cut, and
moisture-retention curves were determined for the
subsamples using a chilled-mirror psychrometer
(Model CX-2 Water Activity Meter, Decagon Devices,
Inc., Pullman, Wash.) to determine water potential at
various saturations. Each of the moisture-retention
curves were fitted using (1) van Genuchten (1980)
fitting o and n, while m = n — 1/n; (2) fitting a, n, and
m; and (3) Brooks and Corey (1964). For the van
Genuchten fits, residual water content was estimated

METHODS 5



from the difference between relative-humidity oven-
dry weight and 105°C oven-dry weight.

RESULTS

Physical Properties

Trends in porosity and particle density are
observed in each of the eight transects (figs. 3-10). The
major flow units (Tiva Canyon and Topopah Spring
Tuffs) are apparent in the Solitario Canyon transect
(fig. 3), with high porosity zones at the top of each
major flow unit and very high porosity zones in the
nonwelded units of the Paintbrush Tuff (Ptn, Ortiz and
others, 1985). Particle density follows similar trends in
the welded units but is very low in the PTn. Samples
from Busted Butte (fig. 4) show similar trends in prop-
erties in the Topopah Spring unit as those from Soli-
tario Canyon, and porosity is very low, 2-3 percent, in
the basal vitrophyre. The Yucca Wash vertical transect
(fig. 5) extends from the top of the Tiva Canyon Tuff
through the PTn, the Topopah Spring Tuff and the tuf-
faceous beds of Calico Hills Formation. There appears
to be more scatter in the porosities of these cores,
which is probably due to differences in welding. The
Yucca Mountain and Pah Canyon Tuffs are present in
the Yucca Wash transect, and the Yucca Mountain Tuff
comprises a full suite of nonwelded to welded tuffs.
Densely welded caprock of the Tiva Canyon Tuff
occurs in this transect, and in the Pagany Wash transect
(fig. 6). Low porosity values that increase rapidly with
depth are recorded for samples from both of these
transects. Most of the densely welded Tiva Canyon
Tuff caprock has been eroded south of Drill Hole Wash
(fig. 1), resulting in exposures of the more permeable
lower caprock and upper-cliff zones. Zeolitized rock in
the Calico Hills Formation (fig. 7) increase slightly in
porosity with depth throughout the transect. Two sam-
ples of the Prow Pass Tuff of the Crater Flat Tuff are
also present in the Calico Hills transect.

The horizontal transect on Yucca Crest was
designed to investigate the properties of the upper cliff
unit of the Tiva Canyon Tuff, which decreases in poros-
ity with depth fairly rapidly (fig. 8). A regression anal-
ysis was performed on porosity with depth and showed
a slight trend of decreasing porosity toward the south,
where the surface of the mountain is eroded slightly
more. The horizontal transect through the nonwelded
shardy base of the Tiva Canyon Tuff (fig. 9), originally
designed to investigate horizontal variability, actually
identified vertical trends. Based on the data from the
Solitario Canyon transect, the top of the unit is low in
porosity (15 percent) and increases to about 55 percent

porosity over a vertical distance of approximately 7 m.
Any deviation in elevation during sampling, such as
moving downslope due to topographic changes along
the horizontal transect, resulted in a change in porosity.
Comparison of the data with the vertical transect at
Solitario Canyon indicates that the interpretation of the
changes was due to the vertical porosity trend, rather
than lateral variation. These trends were investigated
by Istok and others (1995) with a series of 26 vertical
transects through the unit to produce a 2-dimensional
representation of porosity and permeability that sup-
ported interpretations of influences of deterministic
processes on hydrologic properties and the interpreta-
tion of a small degree of horizontal variability, while
the vertical variability, though large, was predictable.
The transect along the exposure of the vitric top of the
caprock of the Topopah Spring Tuff (fig. 10) was
planned following the measurements of physical and
hydrologic properties on samples from the Solitario
Canyon transect. The porous PTn under this extremely
low porosity, very thin unit (0.2-0.3 m), has been over-
looked or averaged into larger units in several model-
ing exercises (Wittwer and others, 1992; Brown and
others, 1994). The sampling of this unit exhibits some
of the same problems associated with the sampling of
the shardy base unit, that of rapid vertical change in
porosity. There are several locations along this transect
where the porosity exceeds 6 percent. These locations
most likely indicate a deviation downslope from the
upper contact of the unit rather than lateral variation.

All individual measurements for each core sam-
ple are listed in Appendix I, with all samples listed for
each transect along with transect distance, physical
properties, and hydrologic-flow properties. Not all
measurements were obtained from all samples.

Descriptive statistics were calculated for poros-
ity, bulk density, particle density, saturated hydraulic
conductivity, and sorptivity for each unit sampled for
all transects combined (table 2). The principal differ-
ences between units are due to the variation in welding,
which most directly influences porosity. Another char-
acteristic influencing porosity is secondary alteration.
Mean porosity varies from 3 percent in the vitric
caprock and basal vitrophyre of the Topopah Spring
Tuff to as high as 52 percent in the bedded and pumice-
fall tuffs. The variation in bulk density shows the
inverse trend. Particle density varies from 2.56 g/cm?
in the densely welded caprock of the Tiva Canyon Tuff
to 2.31 g/cm? in the zeolitized part of the Calico Hills
Formation. Particle density generally is fairly uniform
for all the welded units and for the rocks that have
somewhat lower densities in the nonwelded units.

6 Physical and Hydrologic Properties of Rock Outcrop Samples at Yucca Mountain, Nevada
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Figure 8. Porosity and particle density for core samples from Yucca Crest horizontal transect.
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Hydrologic-Flow Properties

Saturated hydraulic conductivity (also referred
to as conductivity) was not determined on very low-
porosity samples with conductivities below 1E-12 m/s
due to equipment limitations. This biases the calcula-
tion of mean conductivity when it is compared to other
properties that were measured on many more samples.
Conductivity ranged from 5.9E-6 m/s for bedded tuffs
to 3.0E-12 m/s for the clinkstone unit of the Tiva
Canyon Tuff.

Conductivity appears to be well correlated with
the physical properties. Porosity of most of the tuffs
may be of a similar nature, that is, pore structure and
tortuosity. Some of the tuffs have alterations to the
porosity, such as zeolites, which form in the flow chan-
nels of the highly porous Calico Hills Formation and
reduce conductivity. Another difference is in vitric
caprock and vitrophyre samples (vitrophyre), many of
which have microfractures that contribute to saturated
flow but do not represent a large enough volume to
affect porosity. The relationship between measure-
ments of conductivity and porosity is improved when
porosity is calculated using relative-humidity-dried
weights compared to when 105°C dry weights are used.
This observation is attributed to the presence of clay
minerals in some samples. These clays contain loosely
bound structural water that is not available for flow.
When dried in a high relative-humidity environment,
water is removed from the flow channels but main-
tained in the minerals, thus allowing for more relevant
flow-channel porosity determinations.

Nonlinear regression analyses were performed
on porosity and conductivity values measured on sam-

ples from the Solitario Canyon transect and for samples
from the Yucca Wash transect (table 3). A scatterplot
of conductivity and porosity for the Solitario Canyon
transect (fig. 11a) illustrates the separate grouping of
the vitrophyre samples (vitric caprock of the Topopah
Spring Tuff and vitrophyre of the Tiva Canyon Tuff).
The regressions were done on lithologic groupings of
samples in order to increase the predictive capability.
Coefficients of determination (r?) are high for the
Solitario Canyon transect with r? = 0.72 for the vitric
samples and r? = 0.90 for all remaining welded and
nonwelded samples.

The Yucca Wash transect has a larger scatter of
points due to the inclusion of the samples from the
Calico Hills Formation and several samples of the Pah
Canyon Tuff. The samples from the Calico Hills For-
mation contain large amounts of zeolites, but the Pah
Canyon Tuff samples also appear to have high amounts
of clay. This is suggested by the large difference in
these samples between porosities calculated from rela-
tive humidity dry weights, which retains the water in
clays, and 105°C oven-dry weights, which removes the
water from the clays. These samples have high poros-
ities, but the development of zeolites and clays within
the pore channels restricts flow, thus changing the rela-
tionship between porosity and saturated hydraulic con-
ductivity. The vitrophyre and vitric caprock samples,
on the other hand, have higher conductivities than
would be suggested by their very low porosities. These
vitrophyre samples have a bimodal pore-size distribu-
tion (discussed in following section) with very low
matrix porosity due to the vitrification but have small
microfractures that transmit water yet contribute little

Table 3. Nonlinear regression analysis performed for porosity and saturated hydraulic conductivity for the
Solitario Canyon transect and the Yucca Wash transect

[N, number of samples; r2, coefficient of determination; K, saturated hydraulic conductivity; ¢, porosity, calculated from relative-humidity

drying]
Transect N lithology Regression equation 2
Solitario Canyon transect
Welded and nonwelded K,=-139+33.1¢-30.8 ¢2 0.90 36
Vitric K, =-7.4-56.6 ¢ + 417.6 ¢* 0.72 6
Yucca Wash transect
Welded and nonwelded K = 0.00009 — 0.0007 ¢ + 0.0012 ¢2 0.39 100
Welded and nonwelded, no clays K,=-119 +18.1 ¢ - 10.7 ¢2 0.77 88
Clay (Pah Canyon Tuff and Calico Hills Formation) K =-8.8-13.1 ¢ +32.1 ®? 0.50 12
Calico Hills Formation K =11.6 - 168.0 ¢ + 318.7 ¢* 0.84 6
Vitric K =-9.1 - 40.8 ¢ + 506.9 ¢2 0.28 7

RESULTS 1
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to the porosity. Consequently, regression analyses
were performed for several groupings of samples

(fig. 11b). The samples from the Calico Hills Forma-
tion are analyzed separately (Calico Hills) and also
along with the clayey samples from the Pah Canyon
Tuff discussed above (Pah Canyon Tuff). The vitro-
phyre and vitric caprock samples are analyzed sepa-
rately (vitrophyre). The remaining nonwelded samples
combined with all the welded samples comprised the
last regression analysis. For ease of presentation, only
regression lines and equations for the welded plus non-
welded samples (not including those with high
amounts of clays) are included on figures 11a and b, but
all equations and 2 values are listed in table 3. There
are some differences between the regression equations
developed using samples from the two transects. These
differences may represent influences of lateral spatial
variability on the relationship between porosity and
conductivity. The differences more likely are due to
the much thicker PTn present to the north in the Yucca
Wash transect and the larger range in porosity, as well
as the inclusion of the samples of the welded parts of
the Pah Canyon and Yucca Mountain Tuffs. For these
two transects, the most significant relationships
between conductivity and porosity occur in the welded
and nonwelded samples, not including samples with
clays or vitric samples.

Sorptivity was determined for many fewer sam-
ples than conductivity and has a narrower range in val-
ues between units. The trends are similar for both
measurements though with lower sorptivity in the
welded units and the highest values in the nonwelded
units.

Estimates of Hydrologic Units for Flow
Modeling

Many of the lithologic units reflect predictable
hydrologic and physical properties; however, some of
these properties are not bounded by lithostratigraphic
contacts. This is noticeably true in the upper Tiva
Canyon Tuff where the caprock unit grades downward
from densely welded to moderately welded tuff and is
underlain by the upper cliff zone that is moderately
welded tuff at the top and changes rapidly with depth to
densely welded tuff. The references to welding in this
paper are loosely characterized, however, and prima-
rily infer a relationship with rock density. More current
thought suggests that many of the rocks initially char-
acterized as moderately welded are actually welded to
densely welded but have a reduced density due to sec-
ondary alteration of the pores (C.A. Rautman, Sandia
National Laboratory, personal commun., 1994). This

example prompts the use of welding character rather
than lithologic description and contacts to define
hydrogeologic units with similar hydrologic properties
and a reduction in variation within the unit.

To compile a complete set of data to accurately
represent the means of each unit present in the unsatur-
ated zone (table 4), the saturated hydraulic-conductiv-
ity data were extended to include estimates of
conductivity for those samples upon which measure-
ments could not be taken because of extremely low
flow rates. Estimates of conductivity were made for
densely welded samples using the regression for
welded plus nonwelded samples from figure 11a for the
Solitario Canyon transect. This should more accu-
rately reflect properties of the potential repository
block than the Yucca Wash transect regressions. These
estimates are included with measured data in calcula-
tions of mean and standard deviation for each hydro-
geologic unit. The stratified nature of each of the major
flow units is maintained, and the Tiva Canyon Tuff is
divided into densely welded caprock, moderately
welded units, and welded units. All nonwelded tuffs
from the Paintbrush Group are in one unit, and the cal-
culations of the Topopah Spring Tuff include welded
rocks with and without incorporating highly vitric sam-
ples. The Calico Hills Formation samples and Prow
Pass Tuff samples are maintained separately because of
the lack of data for samples from the Prow Pass unit,
and therefore, no evidence supports combining the
units.

This approach reduces the standard deviation of
property values within hydrogeologic units and more
accurately represents the changes with depth that
occur. The surface of Yucca Mountain is variably cov-
ered by the three Tiva Canyon units due to weathering
and erosion (Flint and Flint, 1994). This is significant
in the construction of hydrologic models because the
surface unit will control the upper boundary conditions
for infiltration at all locations. The weak point in this
approach is in combining the nonwelded units of the
Paintbrush Group that vary laterally in thickness, as
well as including very thin layers that may or may not
be laterally extensive. The rapid changes in physical
properties with depth that occur, especially in the non-
welded base of the Tiva Canyon Tuff, as well as the
intervening bedded and ash-fall tuffs, need to be
described for each location to adequately describe the
hydrologic character for a flow model. An additional
problem with this approach is the exclusion of the more
welded Yucca Mountain Tuff that is located north of
the potential repository location. This welded unit
appears to be absent within the potential repository
block itself, which could reduce the impact of this
omission and probably only restrict the user to smaller
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scale hydrologic modeling. Alternatively, this unit
may be very important in light of flux estimates made
by Flint and Flint (1994), suggesting that the tuffs in
the northern portions of the site have much higher sur-
face fluxes than those over the repository block due to
downcutting of the washes, which exposes the higher
porosity PTn at the surface. As high flux boundary
conditions correspond to surface exposures of the PTn,
a detailed geometry of the site and the inclusion of
welded tuffs within the thick PTn to the north are criti-
cal information when flow models are being devel-
oped. In any case, this set of calculations provides a
substantial improvement over the data sets used in sim-
plified models that have predominated in the past
(Nitao and others, 1992; Montazer and Wilson, 1984)
and primarily adds the distinction of the variably
welded Tiva Canyon Tuff, which is exposed at varying
elevations in the flow unit over the surface of the site.

Moisture Retention

The results of the moisture-retention character-
ization are tabulated in table 5, with bulk density and
porosity for the subsample (denoted as the sample ID
from the original core plus an “s”). Included are resid-
ual water-content estimates from the original sample
that were used in the van Genuchten parameter model-
ing. The moisture-retention data are tabulated in
Appendix II and are plotted with the three models fit to
the data for each of the 41 core samples in
Appendix III

The two van Genuchten models generally fit the
data very well. The three-parameter (estimated m) esti-
mation model was not very different from the two-
parameter (calculated m) model but in some cases fit
the air-entry section of the data slightly better. The
Brooks and Corey model fit many of the curves very
well, but when it did not match, it generally underpre-
dicted the wet end of the curve relative to the van
Genuchten models. In general, the van Genuchten
alpha parameter (approximately equal to the reciprocal
of the air-entry pressure) increased as the porosity
decreased, with the result that the welded samples have
higher alpha values. This tendency was not observed
for samples of Topopah Spring Tuff vitric caprock
(BT1s and BT2s), which tended to lose water from the
microfractures as the core dried and resulted in a higher
alpha parameter. The data for BT1s may indicate a
possible double-peak curve, which might describe a
separate curve for fractures and matrix. Alternatively,
the Tiva Canyon Tuff vitrophyre samples had
extremely low alpha values and very high air-entry
pressures. The resolution of the chilled-mirror psy-

chrometer is plus or minus 0.13 MPa, however, and the
description of air entry using the data may be slightly
in error. The types of rocks in which the three models
differed the most are the very low-porosity welded
samples and the high-porosity samples with many
larger pores that resulted in plots with a very flat slope
at the wet end of the curve.

Relationships of porosity versus van Genuchten
pa