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Characterization of Unsaturated Zone Hydrologic Properties and Their
Influence on Lateral Diversion in a Volcanic Tuff at Yucca Mountain, Nevada

Introduction
Characterization of physical and hydrologic properties of subsurface materials is
increasingly important for many local land use practices and for regional-scale
hydrologic analyses. Subsurface material properties are needed for artificial and
natural recharge measurements and models, three-dimensional geohydrologic
framework development and modeling, modeling of dominant hydrologic processes,
and estimating or modeling unsaturated zone travel time in recharge analyses (Flint et
al., 2000a). More detailed analyses are required to evaluate site-specific land-use
practices such as landfills, radioactive or chemically contaminated waste burial, or
nuclear weapons testing. These practices and analyses all have in common the need to

understand subsurface hydrology in tenns of the water balance of the system, the
direction of flow, flux rate, and transport of chemicals through subsurface horizons,
whether saturated or unsaturated.
Predictions of water flow and contaminant transport pathways and flux rates are

often require the use of numerical models. These models generally require input of
parameters describing physical and flow properties of the media, geometry of the

modeling domain, and initial and boundary conditions. In addition, subsurface
processes such as perched water, preferential flow paths, or lateral diversion of water,

which are influenced by features such as faults, fractures, or abrupt changes in
lithology, can also be clarified by characterizing the properties of the media.
The approaches developed in this study are based on the heterogeneous and
complex volcanic tuffs located at Yucca Mountain, Nevada, which is currently being

investigated as a natural geologic repository for the nation's first high-level
radioactive waste site. The intent of a geologic waste repository is to provide barriers
to flow of water from the ground surface to the waste containment canisters with
which water could interact and corrode, and then reduce the travel time of any
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released contaminants from the canisters to the accessible environment, either a
nearby discharge zone or access to the water table via pumping of wells.
The Yucca Mountain site is located in the Mojave Desert where the precipitation
is very low, approximately 170 mm/yr, and has a deep (500

1000 m) unsaturated

zone consisting of uplifted, sloping layers of welded and nonwelded volcanic tuff,
and thus provides the potential for several natural hydraulic barriers. The welded
rocks are highly fractured in the stratigraphic layers in which the potential repository
would be located, which would facilitate rapid drainage, and the repository horizon is
overlain by a thin layer of sparsely fractured, nonwelded and bedded tuffs with a high
storage capacity that have been thought to have a high potential for creating lateral
diversion. The range of physical and hydraulic properties of the various volcanic rock
types exceed those of almost other single rock type, with porosities of less than 3
percent to greater than 50 percent, and hydraulic conductivities ranging over six
orders of magnitude.

The purpose of this dissertation is to describe an approach fOr systematically
evaluating the features of this site that contribute to water flow, specifically lateral
diversion, using a detailed dataset of over 5,000 rock core samples. The physical and

hydrologic properties are related to deterministic depositional and cooling features of
the volcanic flow units that are used to divide the unsaturated zone into unique
hydrogeologic units for which numerical model parameters are developed. The units
are based on lithostratigraphic characterization, porosity, mineral alteration, and
moisture-retention characteristics. The deterministic properties of the rocks are

generally related to effective porosity, which is correlated to hydraulic properties of
saturated hydraulic conductivity and the moisture-retention curve-fit parameter, a.
This relation provides a means to estimate difficult to obtain properties from porosity,

which is easily determined, and to distribute hydraulic properties in space, such as
vertically at the transitional boundaries between low porosity, highly fractured
welded rocks and high porosity nonwelded rocks with few fractures.
Transitional boundaries between welded and nonwelded rocks are of specific

interest as they have the potential to perform as natural hydraulic barriers and
promote lateral diversion of water above the potential waste repository, thus reducing
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the amount of water percolating through the waste storage area. An evaluation is
made of the possible mechanisms that could contribute to lateral diversion above the
potential waste repository: capillary and permeability barriers. The detailed hydraulic
properties of the rocks in those locations are discussed, along with analytical
calculations of lateral diversion at sloping interfaces. These calculations, and field
data representing various spatial scales, are shown as evidence supporting a lack of
large-scale diversion at Yucca Mountain.

!1j

Chapter 1: Characterization of Unsaturated Zone Hydrogeologic Units in a
Complex Volcanic Environment

Lorraine E. Flint, David C. Buesch, and Alan L. Flint

Department of Crops and Soil Science
Oregon State University
Corvallis, Oregon

ABSTRACT
Characterization of the physical and unsaturated hydrologic properties of
subsurface materials is necessary to calculate flow and transport for land use practices,
and to evaluate subsurface processes such as perched water, preferential flow paths, or
lateral diversion of water, which are influenced by features such as faults, fractures, or
abrupt changes in lithology. Input for numerical flow models typically includes
parameters that describe hydrologic properties and the initial and boundary conditions
for all materials within the unsaturated zone, such as bulk density, porosity, and
particle density, saturated hydraulic conductivity, moisture-retention characteristics,
and field water content.

This paper describes an approach for systematically evaluating the features of a
site that contribute to water flow, using physical and hydraulic data collected at the
laboratory scale, in order to provide a representative set of physical and hydraulic
parameters for numerically calculating

flOW

of water through the materials at a site.

An example case study from analyses done for the heterogeneous, layered, volcanic
rocks at Yucca Mountain is presented, but the general approach for parameterization
could be applied at any site where depositional processes follow deterministic patterns.

Hydrogeologic units at this site were defined using (1) a database developed from
5,320 rock samples collected from the coring of 23 shallow (< 100 m) and 10 deep
(500

1,000 m--boreho1es, (-2) described lithostrati-graphic boundaries-and-

corresponding relations to porosity, (3) recognition of transition zones with

pronounced changes in properties over short vertical distances, (4) characterization of
the influence of mineral alteration on hydrologic properties such as permeability and
moisture-retention characteristics, and (5) a statistical analysis to evaluate where

boundaries should be adjusted to minimize the variance within layers. Model
parameters developed in this study and the relation of flow properties to porosity that
are described can be used to produce detailed and accurate representations of the corescale hydrologic processes ongoing at Yucca Mountain.
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al., 2000). More detailed analyses are required to evaluate site-specific land-use
practices such as landfills, radioactive or chemically contaminated waste burial, or
nuclear weapons testing. These practices and analyses all have in common the need to
understand subsurface hydrology in terms of the water balance of the system and
transport of chemicals through subsurface horizons, whether saturated or unsaturated.
Predictions of water flow and contaminant transport pathways and flux rates are major
issues facing many land managers and environmental researchers and often require the
use of numerical models. These models generally require input of parameters
describing physical and flow properties of the media, geometry of the modeling
domain, and initial and boundary conditions. In addition, subsurface processes such as
perched water, preferential flow paths, or lateral diversion of water, which are
influenced by features such as faults, fractures, or abrupt changes in lithology, can also
be clarified by characterizing the properties of the media.
The approaches developed in this study are based on the heterogeneous and
complex volcanic tuffs located at Yucca Mountain, Nevada, which is being
characterized as a potential location for a geologic repository for high-level radioactive
waste (Figure 1-1). Similar approaches have been successfully applied to less complex
alluvial settings where the units are stratified by a deterministic depositional history
(Fogg et al., 1998). The Yucca Mountain volcanic site also exemplifies deterministic
depositional characteristics that encompass the range of features influencing pore-scale

and bulk-scale hydrologic processes. These features include (I) varying pore sizes and
structures resulting from the initial deposition of the volcanic material, (2) varying
pore sizes and structures resulting from welding, crystallization, and alteration, (3)
different types of minerals deposited within pores from both high- and lowtemperature processes, (4) a suite of fracture types and apertures, and faults, and (5)
lithostratigraphic layers that induce locally saturated conditions. Numerous researchers
have measured hydrologic properties of the tuffs at Yucca Mountain (for example,
Anderson, 1991; Rush et al., 1983; Thordarson et al., 1984; Weeks and Wilson, 1984;

Peters et al., 1987; Kiavetter and Peters, 1987; Flint and Flint, 1990; Nelson et al.,
1991; Loskot and Hammermeister, 1992; Rautman et al., 1995; Flint et al., 1996; Flint,
1998), but there is yet lacking comprehensive unsaturated zone parameterization

[.]

corresponding to detailed hydrogeologic units that can be spatially distributed on a site
scale.

Yucca Mountain is located within the southern Nevada volcanic field and is
underlain by a thick sequence of volcanic rocks of Miocene age with numerous
variations in lithostratigraphy and orientation of the layered Tertiary volcanic

sequence (Scott and Bonk, 1984; Buesch et al., 1996a; Table i-I). These rocks were
formed by one or more processes; primary processes include transportation and

deposition of the material; secondary processes include welding, redistribution of
vapor during welding, crystallization, mineral alteration during cooling, and formation
of cooling fractures; tertiary processes include diagenetic alteration of glass in the
presence of water and tectonic disruption of the rocks. Knowledge of these processes
is critical to understanding variations in the distribution of physical and hydrologic
properties in the unsaturated zone at this site. Lithostratigraphic units are based on
depositional features (including the amount and type of crystal fragments (also
referred to as phenocrysts), and the size and amount of shard, pumice, and lithic
clasts), as well as variations in welding, distribution of lithophysae, crystallization,
alteration, and fracture characteristics (Buesch et al., 1 996b; Moyer and Geslin, 1995;

Buesch and Spengler, 1999a). Identification of lithostratigraphic units are also based
on variations in lithostratigraphic and hydrogeologic properties such as bulk density,

particle density, porosity, and permeability (Scott et al., 1983; Flint and Flint, 1990;
Moyer et al., 1996). These properties correlate well in

eases with

lithostratigraphic features such as the amount of welding, variations in crystallization
and alteration, and mineralogic composition (Rautman and Flint, 1992; Istok et al.,
1994; Moyer et al., 1996).

Table 1-1. Generalized lithostratigraphy (Buesch et al., 1996, corresponding major
units (Montazer and Wilson, 1984), and detailed hydrogeologic units at Yucca
Mountain, Nevada [<, less than; > greater than; %, percentage of matrix porosity]
Currently Used Formal and
Informal Nomenclature
PAINTBRUSH GROUP
Tiva Canyon luff (Tpc)
crystal-rich member (Tper)
vitric zone (rv)
nonlithophysal zone (m)
subvitrophyre transition subzone (rn4)
pumice-poor subzone (rn3)
mixed pumice subzone (rn2)
crystal transition subzone (ml)
lithophysal zone (ri)
crystal-poor member (Tpcp)
upper lithophysal zone (pul)
middle nonlithophysal zone (pam)
lower lithophysal zone (p11)
lower nonlithophysal zone (pin)
hackly subzone (pinh)
columnar subzone (pinc)
argillic pumice interval (pinc2)
vitric zone (pv)
densely welded subzone (pv3v)
moderately welded subzone (pv2)
non- to partially welded subzone (pv 1)
Pre-Tiva Canyon luff bedded tuff (Tpbt4)

Yucca Mountain luff (Ipy)
Pre-Yucca Mountain luff bedded tuff (Ipbt3)
Pah Canyon Tuff (Tpp)
Pre-Pah Canyon luff bedded tuff (lpbt2)
Topopah Spring Tuff(Tpt)
crystal-rich member (Tptr)
vitric zone (rv)
nonwelded subzone (rv3)
moderately welded subzone (rv2)
densely welded subzone (rv 1)
nonlithophysal zone (rn)
dense subzone (rn3)
vapor-phase corroded subzone (rn2)
lithophysal zone (rI)
crystal-poor member (Tptp)
upper lithophysal zone (pul)
middle nonlithophysal zone (pam)
lower lithophysal zone (p11)
lower nonlithophysal zone (pin)
vitric zone (pv)
densely welded subzone (pv3)
moderately welded subzone (pv2)
nonwelded subzone (pvl)
Pre-Topopah Spring Tuff bedded tuff (lpbtl)

Hydrogeologic Units

Majr

Detailed

Tiva
Canyon
welded
(TCw)
CCR ( 9%)
CUC (> 9%)

CUL (<20%)
CW

CMW (> 15%)

CNW (>28%)
BT4

Paintbrush
nonwelded

TPY (<30%)

(PIn)

BT3

TPP
BT2

TC (< 9%)

lopopah
Spring
welded
(TSw)

TR
TUL

TMN
TLL

TM2 (upper 2/3), TM] (lower 1/3)
PV3

Calico Hills
(CHn)

P V2
BT1 a

(altered)

BTJ (unaltered)

'Is

Table 1-1. (continued)
Currently Used Formal and
Informal Nomenclature
CALICO HILLS FORIvLkTION (Tac)
Unit 4 Pumiceous pyroclastic flow
Unit 3 Lithic-rich pyroclastic flow
Unit 2 Pumiceous pyroclastic flow
Unit 1 Lithic-rich pyroclastic flow
Bedded tuff (Tacbt)
Basal sandstone (Tacbs)
CRATER FLAT GROUP
Prow Pass Tuff (Tcp)
Upper vitric (uv)
Upper crustalline (uc)
Moderately welded (n-i) (crystalline)
Lower crystalline (ic)
Lower vitric (lv)
Pre-Prow Pass bedded tuff (Tcpbt)
Bullfrog Tuff (Tcb)
Upper vitric (uv)
Upper crystalline (uc)
Moderately welded (m) (crystalline)
Lower crystalline (ic)
Lower vitric (lv)
Pre-Bulifrog Tuff (Tcpbt)
Pre-Bulifrog Tuff basal sandstone (Tcbbs)

Hydrogeologic Units

Major

Detailed
CHV (vitric)
CHZ (zeolitic)

BT

BTa (zeolitic)
FF3

FF2
FF1 (upper part)

in FF1
BF3 (welded)

Crater Flat
(CFu)

BF2 (nonwelded)

Descriptions of lithostratigraphic units (Geslin et al., 1995; Geslin and Moyer,
1995; Moyer and Geslin, 1995; Moyer et al., 1995; Buesch et aL, 1996b; Engstrom
and Rautman, 1996; Rautman and Engstrom, 1996a, b; Buesch and Spengler, 1999a)
and the properties measured during this study were used to develop distinct
hydrogeologic units with associated mean values of physical properties and hydrologic
parameters that can be used in numerical modeling of this site (Wu et al., 1999).

Hydrogeologic unit designations at this site historically have been confined to large
unit divisions based primarily on a simplified representation of the amount of welding
and implicitly whether or not the rocks are vitric or crystallized (Scott et al., 1983;

Montazer and Wilson, 1984). Montazer and Wilson (1984) grouped rocks into five
hydrogeologic units (Table 1-1): the Tiva Canyon welded (TCw), Paintbrush
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nonwelded (PTn), Topopah Spring welded (TSw), Calico Hills nonwelded (CHn) and
the (upper) Crater Flat variably to nonwelded units (CFu).
The purpose of this paper is to describe an approach for systematically evaluating
the features of a site that contribute to water flow on several scales, using data
collected on the laboratory scale, in order to provide a representative set of physical
and hydraulic parameters for numerically calculating flow of water through the

materials at a site or, at a minimum, provide the initial estimates and range of
uncertainty for use of inversion methods that use additional field data to better
constrain parameters (Bodvarsson et al., 2001). For any site characterization project
the deterministic processes that control the distribution of features and properties
should be considered to determine adequate sample collection intervals to represent
those processes. A dataset of properties is compiled, and then it is necessary to
undergo a simplification of the dataset to distribute properties throughout the modeling
domain. This can be done deterministically or stochastically, depending on the
processes dominant at the site. At Yucca Mountain, the volcanic rocks are present in a
collection of layered strata that represent relatively large- and small-scale deterministic
processes of deposition, cooling, crystallization, and alteration. These vertical strata
were divided into detailed, distinct hydrogeologic units based on these deterministic
features, and hydraulic modeling parameters were developed for each unit. Being able
to define most of the hydrogeologic boundaries from lithostratigraphic boundaries was
a major consideration in order to be able to spatially distribute the properties for any
modeling effort with the use of the three-dimensional lithostratigraphic framework
model produced by the U.S. Geological Survey (USGS) (Buesch et al., 1996b). The
framework model then provides the lateral changes in unit type and thickness to which
properties are applied. To provide reasonable detail and predictive ability within the
magnitude and heterogeneity of the Yucca Mountain site and to allow for detailed

process modeling as well as large-scale three-dimensional modeling, the number of
distinct vertical layers was limited and resulted in a total of 31. Relation of modeling

parameters to porosity are also presented to provide the means by which even more
detailed process models can be constructed, for example, through the scaling of
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parameters in transitional zones where properties change dramatically over short
distances, or in clay-altered or vapor-phase corroded zones.
The Yucca Mountain site provides several challenges to understanding the
distribution and modeling of physical properties and hydrologic parameters due to the
depositional, cooling, and alteration history of the rocks. This history results in
differences in porosity, connectivity and tortuosity of flow paths, water-retention
character, vertical heterogeneities, and various scales of features that all influence the
resulting hydrogeology at the site. These characteristics are discussed in detail in
various sections of this paper. At Yucca Mountain there are commonly nine
characteristic rock types that result from variously combining the type of deposition,
amount of welding and crystallization, and composition of grains

either glass

(congealed magma during eruption), crystallized at high temperature (feldspar, quartz,
and vapor-phase minerals), or diagenetically altered (zeolites and clays). It is the
vertical sequence, and possibly the lateral lack of continuity, of these rock types that

results in the lithostratigraphic and hydrogeologic complexity of the site. Data
presented are described within the context of these lithologic rock types. In several
locations, the near horizontal boundaries between lithostratigraphic and hydrogeologic
units are distinctly abrupt. These contacts need to be characterized and modeled as
distinct boundaries to promote the appropriate modeled hydrologic responses such as
lateral diversion due to capillary barrier or permeability barrier effects (Montazer and
Wilson, 1984). In other locations, the transitional zones also need to be characterized

and modeled appropriately so that, for example, abrupt discontinuities arising from
discretization in modeling matrix properties do not result in unrealistic diversion or
ponding of water where the actual changes in properties are gradual (Moyer et al.,
1996). Some glass has been altered to clays and zeolites in several locations where
lithologic transitions have caused high liquid saturations, where there was an ancient
water table or perched water zone, where weathering following deposition has

produced alteration, or locally in welded tuffs where moderate-temperature alteration
occurred during cooling (Levy, 1984; Broxton et al., 1987; Bish and Aronson, 1993;

Buesch et al., 1995; Levy et al., 1996; Buesch and Spengler, 1998a). Various amounts
of vapor-phase corrosion and mineralization have occurred in numerous
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lithostratigraphic units (Buesch and Spengler, 1999a, b), and these processes (and
products) can change properties with depth.
When characterizing matrix properties, one attempts to describe the
heterogeneous rocks with features of various scales. The direct measurement of matrix

properties was carried out using 7-cm diameter cores, while the required description of
hydrogeologic units must capture much larger scale features. Large scale features such
as the bulk properties of lithophysal cavities, fractures, and faults are not adequately
represented. The scope of this study does not include characterization of the lateral
distributions of rock properties, which are being much more rigorously addressed by

other researchers (Rautman, 1995). Rather, this study introduces the relation of
hydrologic properties to porosity and provides a method to develop model parameter
values for the rock units determined to be hydrologically distinct.

SITE DESCRIPTION AND DEPOSITIONAL FEATURES
Location and Geologic Setting
Yucca Mountain is 145 kilometers (km) northwest of Las Vegas, Nevada (Figure
1-1), in a climatic transitional zone between the Mojave and Great Basin Deserts in the

Basin and Range physiographic province (Grayson, 1993). It is in the rain shadow of
the Sierra Nevada Mountains, which results in an arid climate, with average annual
precipitation of approximately 165 millimeters per year (nimlyr) (Hevesi et al., 1992).
In the general vicinity of Yucca Mountain, middle Miocene sedimentary deposits are
overlain by a thick sequence of rhyolitic lavas and pyroclastic deposits that were

deposited from 14 to 9.5 million years ago (Ma) (Sawyer et al., 1994) and that cover
an extensive area of about 13,000 square kilometers (km2), known as the southern
Nevada volcanic field (Byers et al., 1976).

At Yucca Mountain, geophysical evidence (Snyder and Can, 1982; Nelson et al.,
1991; Nelson, 1994) and borehole investigations (Buesch et al., 1996a) indicate that

the Tertiary volcanic sequence varies in thickness between 1 and 3 km with an
unsaturated zone that is approximately 500- to 1000-rn thick. The formations in the
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unsaturated zone at Yucca Mountain consist primarily of pyroclastic flow deposits.
Throughout the text, the lithostratigraphic and hydrogeologic unit symbols (Table 1-1)
are used.

Lithologic Features
Characteristics of the pyroclastic flow deposits result from the sequential
development of depositional features, zones of welding, and zones of crystallization,
although in some rocks welding can be coincident with deposition, and crystallization
can occur synchronously with welding to inhibit its development (Riehle et al., 1995;
Buesch et al., 1996b). Welding of a simple cooling unit typically includes nonwelded
rocks at the top and bottom with increased welding toward the center of the deposit
and inward from the lateral margins (Smith, 1960). Thick deposits can have the
complete range of welding, but thin deposits can lack the more welded rocks at the
center of the unit (Smith, 1960). Crystallization occurs in zones including hightemperature crystallization, vapor-phase corrosion, and vapor-phase mineralization

(Smith, 1960; Buesch et al., l996b). The overlap of depositional and zonal features at
Yucca Mountain has resulted in a complex, detailed lithostratigraphy with zones of
welding and crystallization variously developed throughout the site in the different
tuffs (Buesch et al., 1 996b). Many rocks are vitric and these rocks have not undergone

crystallization at high temperature to form mostly feldspar and quartz (the process is
also commonly referred to as devitrification). Glass that crystallized at high
temperature forms relatively low porosity rocks in which the feldspars can only alter to
clays, zeolites, and analcine under high-temperature hydrothermal conditions (Bish

and Aronson, 1995). Alteration of glass to clays and zeolites typically occurs where
porosity is relatively high and water is present for long enough periods of time to
provide the necessary reactions. The dominant low-temperature alteration products at
Yucca Mountain are smectite, clinoptilolite, and mordenite, and locally, opal (Bish and
Chipera, 1989). The low-temperature alteration potential of any lithologic unit is
dependent on (1) rock composition, (2) rock texture, (3) proximity to structure, and (4)
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water-rock interaction (Broxton et al., 1987; D.C. Buesch and R.W. Spengler, written
commun., 1996). High porosity results in large surface area of glass shards in
tuffaceous rocks, or in highly fractured glass of lava flows. Therefore, the most likely
candidates for alteration are high porosity, vitric rocks associated with faults, perched
water or lateral flow horizons, or within ancient or present saturated zones. The

vitric/zeolitic boundary of the ancient water table at Yucca Mountain (Broxton et al,
1987; Buesch et al., 1995) can be a distinct boundary, or it can be a transitional zone,
where the geometry appears to depend, at least, in part, on the hydrologic and
lithologic character of the rocks. Based on macroscopic textural and mineralogic
evidence (D.C. Buesch and R.W. Spengler, written commun., 1996; Rautman and
Engstrom, 1 996b), quantitative mineralogy (Broxton et al., 1987; Bish and Chipera,

1989; Bish and Aronson, 1993), and data presented herein, it appears that a relatively
abrupt boundary occurs where an ancient water table was confined below the rocks in
the vitric, densely welded subzone of the crystal-poor Topopah Spring Tuff (Tptpv3 in
Table 1-1), or it occurs as a gradational transition across a vertical span of 30 to 40 m
in the nonwelded tuffs in the Calico Hills Formation, as observed from geophysical
logs and core samples from borehole SD7. An additional alteration product within this

zone is opal, which occurs in many of the units below the Topopah Spring Tuff where
ancient water tables produced zeolitic alteration.

Textural and particle-size distribution of fallout tephras and bedded tuffs generally
relate to several lithostratigraphic characteristics and hydrogeologic properties (Moyer
et al., 1996) that determine the moisture-retention character and permeability of the
rocks. In some cases, however, there are localized regions of argillic and zeolitic
alteration within the bedded units that contribute to their hydrologic character (Moyer
et al., 1996). The nonwelded zones of the ignimbrites (also referred to as pyroclastic
flow deposits) generally follow the same lithologic constraints, with their hydrologic
character being a function of pore-size distribution and subsequent alteration products.
In thick pyroclastic flow deposits there are various features and processes that
influence the hydrologic character of the rock by changing the pathways through
which water must pass in order to flow through the rocks. An increase in welding,

which is described on the basis of the amount of flattening of shards and pumice
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clasts, results in a reduction of porosity, pore size, and permeability. Crystallization

can affect hydrologic characteristics in three ways: (1) There is a decrease in rock
volume by the reordering of atoms in amorphous glass to the crystal lattices of
feldspar and quartz (and very minor amounts of other minerals) and this changes grain
boundaries and increases porosity. (2) "Secondary porosity" results from vapor-phase
corrosion of glass particles and increases the pore volume and permeability. (3) Vaporphase mineralization (the deposition of crystals from the vapor phase) occurs along the
walls of pore space and across narrow pore throats and can reduce the porosity and
permeability. Typically, vapor-phase corrosion occurs in the crystal-rich,
nonlithophysal zones of the Tiva Canyon and Topopah Spring Tuffs and the upper
crystallized zones of the Prow Pass, Bullfrog, and Tram Tuffs (Buesch et al., 1996b;
Buesch and Spengler, 1999a,b). Vapor-phase corrosion also commonly occurs in the
lower part of the columnar subzone and the upper part of the vitric, moderately welded
subzone of the crystal-poor Tiva Canyon Tuff and the lower crystallized zones of the
Prow Pass, Bullfrog, and Tram Tuffs, and is particularly well developed where the

vapor-phase corrosion has propagated downward into the increasingly porous parts of
the moderately welded rocks (Buesch et al., 1996b; Moyer et al., 1996; Buesch and
Spengler, 1 999a,b). This secondary porosity can result in measurements that are

anomalously high compared to those which would be estimated based on textures of
welding (Buesch et al., 1996b; Moyer et al., 1996). Vapor-phase mineralization is
typically associated with areas of vapor-phase corrosion and within lithophysal

cavities and may or may not affect the porosity, depending on the amount of
crystallization. Properties of lithophysal cavities, while mostly inferred, cannot be
directly measured using core-scale analyses, but on a larger scale, preliminary

investigations have shown that lithophysae may act as a mechanism to concentrate
volumes of water. As water moves through lithophysal zones, the volume of rock
through which the water passes is reduced by the occurrence of cavities, but the water
doesn't move into the cavities under unsaturated conditions. This results in an increase
in the saturation within the matrix in the lithophysal rocks.

There are wide ranges for the particle density and porosity of the rocks at Yucca
Mountain; however, there are several systematic and deterministic relations based on
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the type of material (vitric, crystalline, vapor-phase minerals, and zeolite and clay
minerals) and the associated particle density. The particle density for most data
described herein is calculated from the bulk density and porosity, both of which are
measured. The bulk density, particle density, and porosity typically follow the
expected relation where the porosity equals 1 minus the bulk density divided by the
particle density. In vitric rocks, bulk density varies from 1.2 to 2.4

g/cm3,

varies from 2 to 60 percent (v/v), and the particle density is typically 2.35

porosity
g/cm3.

Variations in the particle density and porosity help identify the processes that formed

the rocks for the lithostratigraphic identification. The typical particle density for
crystalline rock is 2.55 g/cm3, for vapor-phase minerals is 2.30 g/cm3, and for zeolite

and clay minerals is 2.10 to 2.40 g/cm3. Samples in which particle densities differ from
these typical values commonly are a mixture of different types of materials. These
relations are invaluable as a context for interpreting how and why hydrogeologic
properties change near contacts and for determining the boundaries for hydrogeologic
units.

Many rocks contain fractures, some of which result from cooling of the deposit
and others are related to the bending or faulting of the rocks, and the distribution and
characteristics of the fractures can be distinctive for individual lithostratigraphic units
(Buesch et. al., 1996b) and therefore hydrogeologic units. Fractures are prevalent in
the crystallized and vitric, moderately to densely welded rocks and are frequent to

infrequent in the vitric and altered, nonwelded rocks. Crystallized, densely welded
rocks typically have a variety of fractures, the most common of which are many
meters long (5 to as much as 50 m) that formed during cooling of the deposit;
however, there are also microfractures that are occasionally sampled in core and
typically do not contain alteration minerals. These microfractures will probably not
contribute to flow under unsaturated conditions. The densely welded, vitric rocks with
very little porosity and extremely low permeability have a high density of
micro fractures that transmit water under high saturations. The dimensions of the

microfractures, and whether they contain alteration products, determine whether or not
they contribute to unsaturated flow; very small fracture apertures, or those containing
alteration materials, may support unsaturated flow. Because the matrix permeability of

these rocks is so low, it is common to find high saturations due to concentration of
water flowing from higher porosity rocks to lower porosity rocks, as well as the effects
of permeability barriers.

The distribution and properties of fractures have been shown to dominate the bulk
of the unsaturated flow regime at Yucca Mountain (Flint et al., 200 ib); however,
fracture densities and apertures are not well characterized for all lithostratigraphic
units, although estimates have been made from borehole core logs. Properties of
fractures are dependent on fracture aperture and whether the fractures are open or

filled with calcium carbonate or siliceous materials. Bulk permeability data of
fractures are scarce; however, calculations can be made of porosity and saturated
hydraulic conductivity of fractures with assumed or estimated density and aperture

(Kwicklis and Healy, 1993). The average saturated hydraulic conductivity ofopen
fractures for an aperture of 2.5 im is 410 mmld, for an aperture of 25 m is 15,700

mmld, and, for an aperture of 250 m, is 745,000 mmld (Kwicklis and Healy, 1993).
Measured saturated hydraulic conductivity on fractures filled with calcium carbonate
at this site averaged 43.2 mm/d. Estimates of bulk saturated hydraulic conductivity
were calculated using these values of fracture conductivity for the percentage of area
covered by the fracture per square meter of rock, given the fracture density and
aperture size available for water to flow through (Flint et al., 2000). The bulk saturated
hydraulic conductivity of fractures was added to the saturated hydraulic conductivity
of the rOck matrix and weighted averages of bulk bedrock permeability on the basis of

percentages of matrix and fractures were calculated by lithostratigraphic unit. If the
proportion of fracture aperture sizes for each rock type was known, weighted averages
that included measured densities of each aperture class could be calculated. Actual
fracture apertures are not known at Yucca Mountain; however, unsaturated hydraulic
conductivities of fractures are a critical parameter to know, and field measurements are
currently being analyzed.
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Hydrologic Implications of Lithologic Stratification
A number of deterministic geologic processes such as magmatic evolution;
volcanic eruption, transport, and deposition; welding, crystallization, cooling, and
formation of cooling fractures; and diagenetic alteration and tectonic fracturing,
provide an important framework within which hydrologic characterization must take

place. These processes can produce a relatively predictable vertical distribution of
properties within simple cooling units that simplifies the prediction of properties at
poorly or not sampled locations. Lithologic features controlling the measured
distribution of water have been noted consistently in boreholes located in the study
area and have aided in the determination of mechanisms and processes ongoing in the
unsaturated zone. Hydrologic modeling using a detailed vertical distribution of
properties displays the importance of the vertical sequence of lithologic features (Flint

et al., 1993; Moyer et al., 1996). Several of these distinctive lithologic features are
critical in the characterization of water flow at Yucca Mountain, and the
characterization of their physical and hydrologic properties is discussed in detail.

Transition Zones
Transition zones have a pronounced change in matrix properties with depth,
typically caused by a change in porosity due to the amount of welding, contacts
between vitric, crystallized, or altered rocks, or the amount of vapor-phase corrosion
and mineralization. Transition zones occur at the top and bottom of the Tiva Canyon
and Topopah Spring Tuffs, where the rocks grade from nonwelded to densely welded
and locally incorporate changes in porosity due to vapor-phase corrosion and
mineralization. The amount of welding corresponds to the fracture density, geometry,
and continuity, and the transition zone from fracture-dominated flow in welded rocks,
where saturation is high, to matrix-dominated flow in nonwelded rocks, can
significantly affect flow. The rapid decrease or increase in porosity (that also

corresponds to changes in the degree of fracturing) in these transition zones may lead
to the localized concentration or depletion of water.

Capillary and Permeability Barriers
The concept of a natural capillary barrier is summarized by Montazer and Wilson
(1984) as a fine-grained layer overlying a coarse-grained layer, where water cannot
flow from the smaller pores into the larger pores until the height of water in the
overlying layer exceeds a critical height, equivalent to the difference in the capillary

rise of the two pore sizes. At Yucca Mountain the potential for this condition
theoretically occurs at several stratigraphic contacts. The contact of the colunmar
subzone and the moderately welded subzone of the Tiva Canyon Tuff (Tpcpinc and
Tpcpv2, respectively) has fine-grained crystallized rocks with small porosity in contact
with vitric, moderately welded rocks. A capillary barrier could also occur at the base
of the nonwelded rocks where the coarse-grained rocks overlie the larger aperture
fractures in the densely welded rocks of the Topopah Spring Tuff (units Tptrv3,

Tptrv2, and Tptrvl or Tptrn). If these conditions exist in the layered, dipping beds at
Yucca Mountain, they could potentially result in the lateral diversion of water. The
reverse condition, when coarse-grained materials overlie fine-grained materials, can
also result in lateral diversion due to the lower layer acting as a permeability barrier.
This condition occurs under less than saturated conditions in the transition between the
coarse-grained PTn and the densely welded, fractured, crystal-rich rocks near the top
of the Topopah Spring Tuff.

METHODS
To assess the character of this large, heterogeneous, three-dimensional site,
analyses of physical and hydrologic properties for 5,320 rock-core samples from 33

boreholes were compiled in a database. The distribution of boreholes is indicated on
Figure 1-1. Details of borehole locations and descriptions, and drilling information,
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can be found in the Appendix. This database includes measurements of porosity, bulk
density, particle density, water content, saturated hydraulic conductivity, and moistureretention characteristics. To provide initial conditions and site calibration data,
present-day field moisture conditions were included, along with the associated
lithostratigraphic units and hydrogeologic unit for all samples (Appendix).
Samples were collected from boreholes drilled using dry-drilling (Hammermeister
et al.,

1985).

All samples were analyzed to determine porosity, bulk density, particle

density, and water content (Appendix). Subsets of samples were measured for
determination of saturated hydraulic conductivity and moisture-retention
measurements. Long-term water-content measurements in
83

m in depth, are described in detail in Flint and Flint
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neutron boreholes, 18 to

(1995).

Seven boreholes (the

SD boreholes, UZ14, UZ16 and WT-24) were drilled from the surface to the water
table, and three boreholes (UZ7a, NRG-6, and NRG-7a) did not penetrate the water
table.

Porosity was determined from samples dried for 48 hours in a relative humidity
oven at 60°C and

65

percent relative humidity (RH), as well as at standard oven drying

for 24-48 hours at 105°C. Relative-humidity drying removes water from the pores that
contribute to water flow but retains bound water in the crystal or mineral structure
(Bush and Jenkins,

1970).

Relative humidity drying also retains water within very

small pores or channels, providing an estimate of residual water content, and relating
pore space to that space available for water flow (see discussion iii section on
alteration, microfractures, and permeability). The porosity determined from the
relative humidity drying technique can be termed effective porosity (chapter 2). All
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CHARACTERIZATION OF HYJ)ROGEOLOGIC UNITS
Any field site is comprised of a complex set of physical and hydrologic
characteristics that overly each other and function at various scales affecting the

retention, storage, and flow of water. At Yucca Mountain, dominant features that

22

control the distribution and flow of water are the pore-scale rock matrix and the bulkscale fractures. An even larger scale feature is faults, but this is less typically
associated with the lithostratigraphy at the site scale. A common limitation to the
characterization of a large, heterogeneous site is the scale at which these features can
be measured. Laboratory measurements are useful to describe heterogeneity and
distribution of properties, but are limited to samples of relatively small volume that

generally can be collected by hanftatthesurfaee or from the drilling of boreholes.
Large-scale field experiments can be conducted to evaluate bulk properties that would
combine the characteristics of both matrix and fractures, but are generally not feasible
to conduct extensively over the surface of the site, or useful in characterizing all of the
subsurface materials.

General estimates of the bulk saturated hydraulic conductivity, Kb, can be done
using the relative proportions of fracture area and matrix area per square area of rock,
measured matrix saturated hydraulic conductivity,
rrom aperture estimates ç&wlcKils and Mealy,

incorporate estimates or measurements of the

K5,

I 99.3). 1.

K5

and a calculation of fracture

K5

ills calculation can also

of fracture fill materials. Aperture

information is not available for many of the rock types at Yucca Mountain. Datasets
that represent most of the subsurface rock units are primarily based on logs of
continuously collected core samples with limited data from borehole video logs and
may not adequately represent vertical fractures. The development of hydrogeologic
units, however, may incorporate the fractures from lithostratigraphic descriptions into
the unit criteria, and correlate the frequency of fractures with the properties of the
units. At Yucca Mountain, the fracture density is generally correlated to the bulk
density and porosity (Figure 1-2). While not providing a good characterization of the
fracture properties, this characteristic allows the porosity to be a correlative property
that helps to incorporate the heterogeneity of the fractures at this site into the
development of hydrogeologic units, which particularly emphasizes the contrasts in

bulk properties at transitional or contrasting layers.The determination of distinct
hydrogeologic units for the purpose of numerical flow modeling required a large,
spatially distributed data set of hydrologic properties and corresponding
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hthosfraf1aphic descriptions The mter of developmg hydrogeologc units as
discrete layers with associated paranleters aid prcper1ies for flew models was

tvofold:

(1) that the layers could be related spatially to existing three-diensional
lithostratigraphic or porosity models, and (2) that the layers would be distinct enough,

With niiãl Vertical ad lateral heterogeneity, that ivhn used in a numerical iOdl,
they would reasonably predict measured field conditIons in a vertical borehole at any
location on the mountain, while

not being so detailed as to

b

numerically

cumbersome or limiting. With these criteria in mind, the following procedure was
implemented to identifr and characterize discrete hydrogeologic strata
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Phase 1: Preliminary layer boundaries were chosen on the basis of lithostratigraphic
boundaries and porosity profiles. Layers were refined in the transition zones at
the top and bottom of the PTn to minimize the range in porosity in a single
layer.

Phase 2: Layer properties were evaluated on the basis of the relationship of K to
effective porosity, and unique zones were refined where altered materials
influence flow such as at the base of the Tiva Canyon Tuff and in the zeolitized
rocks below the Topopah Spring Tuff.

Phase 3: Moisture-retention characteristics of layers were evaluated, and predicted
water potentials were compared with measured water-potential profiles in
selected boreholes. If there were moisture-retention characteristics that differed
appreciably within layers, then adjustments of layers were made accordingly.

Phase 4: Means and standard deviations were calculated for all properties for each
hydrogeologic unit. Arithmetic mean calculations were used for normally
distributed properties such as porosity, bulk density, particle density, and water
content. Geometric means were used for the log-normally distributed saturated
hydraulic conductivity. If significant variances existed within hydrogeologic
units that could be reduced by the adjustment of layer boundaries, then the
appropriate adjustments were made, particularly where porosity was the factor
determining the location of the boundary.

As outlined above, division of the rocks into hydrogeologic units is an iterative
process. Hydrogeologic unit divisions were initially made based on lithostratigraphic
unit boundaries, refined based on changes in porosity and other properties such as
moisture-retention characteristics, evaluated as to statistical similarity, and examined
in the context of lithostratigraphic features. This section describes the nomenclature

(Table 1-I) and character of the hydrogeologic units and is followed by details and
rationale behind the influences of the various features, alteration and permeability, and
moisture-retention character.

Porosity, saturation, and particle density are generally good indicators of
lithostratigraphic boundaries (Tables 1-1 and 1-2) and are shown, along with
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lithostratigraphic units, for samples from two deep boreholes, SD7 and SD9 (Figures
1-3a and 1-3b). These figures exemplify the vertically stratified nature of the
unsaturated zone at Yucca Mountain, with the two boreholes generally representing
spatial extremes. In general, porosity is high and saturation is low in the vitric
nonwelded rocks, except for those close to the water table, and porosity is low and
saturation is high in the vitric and crystallized, densely welded rocks (Tables 1-1 and
1-2; Figures 1 -3a and I -3b). Particle density is generally high in the devitrified rocks

and low in the vitric rocks (Tables 1-1 and 1-2). General information regarding the
individual units is discussed below. Details on units and specific data for each
hydrogeologic unit designation are discussed in Flint (1998).

Table 1-2. Mean values of physical and hydraulic properties for each hydrogeologic unit. A thick line separates adjacent units
that differ by more than 2 standard deviations. A single line separates adjacent units that differ by 1 standard deviation.
Adjacent units of moisture-retention curve-fit parameters, a or n, that differ by more than the 95-percent confidence limits are
separated by a line. [N, number of samples; v/v, dimensionless volume; Geom., geometric; F/m, fractures per meter; -, no
sample or estimate available]

Hydrogeologic
unit

Relative
humidity

Saturated
Moisture-retention
hydraulic
curve-fit parameters
conductivity
n
a
m
(m's)
(l/MPa)

Volumetric
Bulk

density

porosity
(v/v)
Mean
N

(g/cm3)

Mean

Particle
Porosity density
(v/v)
(g/cm3)
Mean
Mean

water
content Saturation
(vlv)
Mean Mean N

Geom.

Fracture

N density
(F/rn)

N

Mti
CCR

0.054

cuc

0.235

CUL

2.39

0.062

2.55

0.046

0.746

9

17

1.91

0.253

2.56

0.098

0.395

101

0.126

31

2.10

0.164

2.52

0.094

0.612

0.066

422

2.30

0.081

2.51

0.064

0.137

67

1.97

0.200

2.47

0.301

63

1.45

0.387

BT4

0.376

25

1.30

TPY

0.254

42

1.74

BT 3

0.354

62

1.39

TPP

0.469

134

BT 2

0.468

124

TC
TR

0.041

0.146

T UL

0.135

T MN

9

0

1.5

1.27

0.21

0

20.0

3.8E-08

3

9.0

1.71

0.42

3

5.0

98

1.2E-08

1

17.7

1.41

0.29

3

5.0

0.798

616

5.7E-12

16

2.8

1.20

0.16

9

5.0

0.184

0.907

96

1.8E-10

5

0.3

1.31

0.24

3

1.0

2.37

0.259

0.694

105

1.2E-08

10

96.1

1.19

0.16

6

0.5

0.442

2.34
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4
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3
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3

1.0
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5

0.5

1.13

0.499

2.26
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0.360
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47.1
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2

1.0

1.21

0.493

2.39

0.187

0.392
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2.2E-06

21

51.3

1.23

0.19

7

0.5

56

2.38

0.053

2.51

0.033

0.632
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1.6E-09

5

1.5

1.27

0.21

3

25.0

445

2.15

0.157

2.55

0.078

0.510
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1.4E-09

48

18.0

1.30

0.23

5

5.0
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2.13

0.154

2.51

0.108

0.7 17
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8.9E-1 1
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7.3
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4
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0.110

2.53
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0.848

267

4.OE-1 1
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0.8
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3
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T LL

0.115
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3
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0.112
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1.37

0.27

2

TMI

0.072

113

2.30

0.094

2.54

0.081

0.863

113

5.2E-12

11

0.2

1.41

0.29

1

12.0

PV3

0.020

108

2.30

0.036

2.38

0.033

0.889
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7.4E-12
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0.1

1.19

0.16

3

15.0
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2.36

0.154
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9
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Table 1-2. (continued)

Hydrogeologic
unit

Relative
humidity
porosity
(vlv)
Mean
N

Volumetric

Bulk

Particle

density

Porosity density
(glcm3)
(v/v)
(g/cm3)
Mean
Mean
Mean

water
content Saturation
(v/v)
Mean Mean N

Saturated
hydraulic
conductivity

Moisture-retention
curve-fit parameters

a

rn

Fracture

N density

(1/MPa)

(mis)
Geom.

n

(F/rn)

N

Mean
BT1

BTIa
CHV
CHZ
BT

BTa
PP3
PP2
PP1
BF3
BF2

0.265
0.198
0.319
0.239
0.175
0.178
0.184
0.186
0.201
0.102
0.170

43
46
83

1.66
1.66
1.49
1.60
1.95
1.94
1.93

548
69
49
206
140
252
86

2.28

61

1.96

1.91

1.74

0.273
0.290
0.341
0.322
0.212
0.215
0.221
0.229
0.282
0.115
0.212

2.28
2.34
2.26
2.36
2.46
2.46
2.46
2.46
2.42
2.57
2.48

0.083
0.256
0.157
0.307
0.143
0.147
0.148
0.155
0.265
0.112
0.157

0.318
0.888
0.473
0.958
0.734
0.735
0.721
0.723
0.947
0.977
0.763

43

2.9E-07

II

46

10

83

1.311-10
7.811-08

548

4.4E-1 1

69

3.IE-1 1

15

49
206

5.111-08
3.OE-08
2.711-10

20
36

1.3E-10
9.011-li
8.8E-10

27

140

252
86
61

24
104

39

1

2

14.0
0.2
14.6
2.8
9.9
0.1
23.3
0.8
2.5
9.5

1.47
1.27
1.25

0.1

1.76

1.21

1.52
1.60
1.35
1.38
1.28
1.21

0.32
0.21
0.20
0.17
0.34
0.38
0.26
0.27
0.22
0.17
0.43

2

4
2

10

0.5
0.5

3

2
3

1.0

2

2.0

2

1.0
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1.0
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Figure 1-3. Porosity, saturation, and particle density with depth for boreholes (a) SD9
and (b) SD7.

Phase 1: Porosity Profiles
A useful first step in developing layers for hydrologic flow models uses lithology
and its corresponding relationship with porosity. Porosity has been shown to be a
reasonable surrogate for flow properties when relationships are developed according
to the lithologic and alteration character of the rocks (chapter 2; Istok et al., 1994).
Keeping in mind that all layer divisions have to reflect the vertical distribution of rock
units (that is, units with similar properties, if separated in space vertically, need to be
separate layers), the first separation is by lithostratigraphic unit (Figure 1-3). In zones
where vapor-phase corrosion is prevalent, such as in Tpern, Tcpuc, Tpcpinc, and
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Tptm (Table 1-1), porosity is used as the determinant for layer boundaries, to reduce
the variation in properties within a unit. In locations where several lithostratigraphic
units have similar hydrologic properties, units are combined, such as the middle and
lower parts in the crystallized rocks of the Tiva Canyon Tuff, where the Tpcpll,
Tpcpin, and Tpcpinc have low variability in porosity, and together comprise one

hydrogeologic unit, CW(Table 1-1; Figure 1-4a). In order to capture the influences of
lithologic transitions and contrasts in hydrologic properties, several examples of the
consideration of porosity are presented.

Sharp contrasts in porosity across lithologic contacts influence the lateral
movement of water and several of these contacts occur in the lithostratigraphic
equivalents of the Paintbrush nonwelded (PTn) hydrogeologic unit (Figure 1-4a). The
lithostratigraphic units of the PTn commonly are thin, but distinct enough in
properties to delineate as separate hydrogeologic units. A numerical modeling
exercise was done by Moyer et al. (1996) to assess the hydrologic impact of these
individual units and whether the properties were different enough to maintain the
individual layers as separate units. It was determined that abrupt and linear contacts
along with the contrasts in properties were instrumental in creating lateral diversion
along the sloping contacts. As an exercise this indicated that the property contrasts
were different enough in most cases to maintain separate units. Additional sharp
contrasts in porosity occur above and below the vitric, densely welded rocks of the

Topopah Spring Tuff(Tptrvl and Tptpv3, respectively). These units typically have
porosity less than 5 percent. The sharp change in porosity at the top of Tptrvl is from
a sharp increase in welding and the sharp change at the base is the contact with the

crystalline rocks n Tptm. The sharp change n porosity at the top of Tptpv3 is the
contact of the crystalline rocks in Tptpin and the gradational contact at the base is
determined by the character of the Tptpv2 or alteration associated with the vitriczeolitic boundary. Other large changes in porosity between adjacent units are

gradational with depth and have less of an influence over the distribution of water in
the profile.

Most of the crystallized, moderately to densely welded Tiva Canyon Tuff and
Topopah Spring Tuff appear similar in porosity, but most of these units are divided
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into hydrogeologic units that closely correspond to !lthostratigraphic units, such as
lithophysal zones and nonhithophysal zones. Mean values of porosity in Table 1-2

indicate differences between adjacent units in these fo

ations of at least one

standard deviation, which provides a rationale for these divisions partially due to the
variation in porosity that results from lithôphysal cavities. Primarily, however, the
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Figure 1-4. Profiles of total porosity calculated from 105°C oven drying (Total
porosity) and degree of alteration calculated as total porosity minus porosity
calculated from elevated relative humidity diying (RH drying) for core from two
boreholes, (a) N3 1, and (b) SD7.
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differences are due to pore size, which is reflected in moisture-retention
characteristics, and are discussed in a later section.

Large vertical variation in porosity does not always indicate a hydrogeologic
boundary, and the mechanism for the distribution of water is not always obvious. For
example, consider the profiles in borehole SD7, Figure 1-3b. The locations of high
saturation are not well correlated with the several notable changes in porosity. For
example, the transition from low to high saturation in the unit described
lithostratigraphically as Tac, zeol. (Calico Hills Formation, zeolitized; see Table 1-1)
has a relatively uniform porosity, but the pore sizes become smaller with depth due to
a transition in amount of alteration of glass to zeolites.

Phase 2: Alteration, Microfractures, and Permeability
Alteration can occlude the interconnected pores of the rock matrix as clays,
zeolites, opal, and calcite, form in place or are deposited in pore channels and throats.
Occurrence of clay or zeolite zones only slightly reduces the measured porosity,
because water can be stored in clay and zeolite mineral structures rather than occupy
space within the pores (which would reduce the measured porosity). This is true
unless water is held in smectites that swell with the incorporation of water to as much
as 300 times their original size, thus reducing the porosity. Clays and zeolites do
influence the pore-size distribution and thus the character of the moisture-retention
curve and the permeability. Zones with clay or zeolites may be an important factor

contributing to perched water. Borehole SD7 has a saturation profile (Figure l-4b) in
the rocks below the Topopah Spring Tuff (Tpt) that strongly indicates, by high
saturations, the presence of alteration minerals and their ability to store water and

influence its downward transmission. In zones where there is little or no alteration
such as in the vitric rocks of the Calico Hills Formation and some of the devitrified
and vapor-phase corroded rocks of the Prow Pass Tuff, the saturations are extremely
low because the pores are larger and drain more easily. In the crystallized and

32

minimally vapor-phase-corroded Prow Pass Tuff, the saturation is high because the
rocks are welded with small pores.
Residual water content may be defined as that water content for which the water
potential gradient approaches zero (van Genuchten, 1980). It has alternatively been
suggested as that point in saturation where liquid flow stops because water films
become discontinuous and vapor flow dominates, or the region of water content
where adsorptive forces are dominant and water potential is decreasing rapidly with
little change in water content (Jury, 1991). This value is generally used as the dry-end
fit parameter for moisture-retention curves and its magnitude influences the
prediction of hydraulic conductivity at low water contents. The water left in a rock at
very low saturation will be in the smallest pores or channels or within mineral
structures such as clays or zeolites. The volume of water remaining will then be
indicative of either the quantity of very small pores or channels, or the presence of
water-absorbing minerals such as clays or zeolites. Bush and Jenkins (1970)
determined that drying rock samples in an oven at a temperature of 60°C and 40
percent relative humidity maintained water within the clay structures, as well as 1-2
molecular layers of water adsorbed to their surface, while removing it from the pore
channels. Studies done on soils indicate that residual water content can be defined by
the amount of water left in the pores after equilibrating in an environment of
approximately -70 MPa water potential, or about 65 percent relative humidity at 60°C
(Jackson, 1964; Rose, 1963). This value subtracted from a measured total porosity
can be assumed to be an effective porosity (chapter 2). The influence of alteration,
whether it be clays, zeolites or vapor-phase minerals, on pore structure and waterholding capacity can be examined more closely by varying the relative humidity and
temperature of the drying oven during the processing of the samples for the
determination of porosity. The method of determining effective porosity from RH
drying, and comparing it to porosity determined from standard oven drying, has been

shown to be useful in classifiing rocks into zones that have sjmilar properties such as
permeability and moisture-retention characteristics for the development of distinct
model layers. It also may provide parameters useful in modeling as the measurements
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of all the physical properties using RH drying better reflect field conditions and are
suggested for use in the interpretation of geophysical logs.

Rock samples were dried at 60°C and 65 percent relative humidity and at 105°C

and ambient relative humidity (<20 percent), and porosity was calculated using both
dry weights. Figure 1-4 illustrates the total porosity profile as well as the degree of
alteration calculated as the total porosity minus the porosity calculated from the
elevated relative humidity drying (effective porosity) (Figure 1-4). This approach
indicates the units that are comprised of altered rocks, such as Tacbt, Tacbs, Tcp4,
and Tcp 1, because the water was held in the altered minerals during the elevated

relative humidity drying. Values of the percentages of measured zeolite (in the form
of clinoptilolite; Chipera et al., 1994) are indicated (Figure 1-4b). In locations in SD7
where there are no measured zeolites, yet there is a 5-percent difference between total
porosity and effective porosity (indicated by the black bar), there are elevated
quantities of vapor-phase minerals tridymite and cristobalite (Chipera et al., 1994).
Cristobalite is present from depths 502.3 m to 569.4 m (2 to 35 percent) and tridymite
is present from 502.3 m to 538.4 m (1 to 6 percent). The 5-percent differential
porosity typically occurs in rocks where zeolites were observed. In rocks with no
zeolites, it does not occur where oniy cristobalite was present (538.4 m to 569.4 m),
but does occur at the depths where there were both tridymite and cristobalite,
indicating a possible influence of certain vapor-phase minerals, possibly tridyniite or
the combination of both, on the structure or geometry of the pore spaces. The increase
in tortuosity of the flow channels due to the presence of clay, zeolites or vapor-phase

minerals also reduces the permeability, which is discussed below. [Bish and Chipera
(1989) showed that very high percentages of Opal-CT, which is a disordered silica

phase containing both cristobalite- and tridymite-like structural units, which are often
found in the pre-Calico Hills bedded tuff (Tacbt), may influence the hydrologic

character of rocks by reducing the permeability even more than the presence of
zeolites.]

Hydrogeologic properties similar to those in SD7 that result in the 5-percent
differential porosity, are apparent in rocks near the base of the Tiva Canyon Tuff,
Tpcpv, and are exemplified in N3 1 (Figure 1 -4a). This zone of alteration, which,

based on quantitative mineralogy from similar stratigraphic position, contains up to
35 percent smectite, pervades the site (Bish and Chipera, 1989). The extent of the
alteration appears to be related to the topographic location of the borehole; for
example, boreholes situated in narrow up-wash channels receive more frequent runoff
and therefore maintain higher water contents for longer periods of time (Flint and
Flint, 1995). This zone is an important hydrologic feature as it may accentuate the
capillary barrier effect caused by small pores situated above large pores at this
transition into the nonwelded tuffs. The alteration appears through the base of the
Tpbt3, but the combination of very large porosities and the particular pore-size
distributions of the units below the moderately welded and altered rocks, despite the
presence of clay, results in the drainage and relatively low saturation of these units.
The vitric/zeolitic boundary in the Calico Hills Formation and Prow Pass Tuff is
distinguished not by change in porosity, but by a contrast in pore structure and pore
size, and results in the corresponding saturation profiles (Figure 1-3b). The
lithostratigraphic units at which the vitric/zeolitic boundary occurs vary spatially over
the mountain. In the southern part of the site where the boundary is as much as 140 m

below the Tptpv3, the upper parts of the Calico Hills Tuff, Tpbtl, Tptpvl, and Tptpv2
are unaltered. This condition exists in three boreholes sampled, SD6, SD7 and SD 12.

Remaining boreholes axe in locations to the north and east where the vitric/zeolitic

boundary is typically defined at the base of Tptpv3, with zeolitization along the

fractures in that unit. Properties for the Tpbtl units are therefore divided into altered
and unaltered hydrogeologic units that are distributed on the basis of lateral location.
The vitric-zeolitic boundary is based on the degree of hydrologic response rather than

using lithologic descriptions that typically include estimates of mineral percentages. It
is defined in this case as the 5-percent difference in total porosity and effective

porosity (see SD7, Figure l-4b).
The Prow Pass Tuff represents a compound-cooling unit and is variable among
the five boreholes sampled. The alteration of the initially vitric rocks to zeolites

pervades the Prow Pass Tuff with the exception of the devitrified and vapor-phase
crystallized Tcp3 where welding is greater. As a result, the Prow Pass Tuff is

hydrogeologically divided based primarily on lithostratigraphic unit boundaries and
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rocks at the base of the Tiva Canyon Tuff, and the vitric/crystallized category
includes all remaining hydrogeologic units. A more comprehensive study of what
defines the altered rocks is discussed in chapter 2. Relations between these simplified,
lithostratigraphic, feature-based categories, are represented by simple regression

models predicting conductivity from RH porosity (Figure 1-5).

Phase 3: Moisture Retention Characterization
Moisture-retention data and calculated models using RETC (van Genuchten et
al., 1991) are represented for six hydrogeologic units in Figure 1-6a-e. The figures
represent the laboratory desorption curves for both chilled-mirror psychrometer and
centrifuge, and standard errors of the curve-fit parameters, a and n, were used to
include the 95-percent confidence intervals about the curve-fit models. The error
includes the lack of fit of the function to the data, but as the various hydrogeologic
units are represented by different numbers of samples, the error is dominated by the
variability among the samples. For units with few samples, or little variability either
between boreholes or within a borehole, the error is low (Appendix). In an effort to
represent an entire unit with one curve, all samples are included and the curve-fitting
process smoothes out the extremes, which are then expressed by the standard errors.
Notable differences in the moisture-retention curves (Figure 1-6) are chiefly a
function of the pore-size distributions of the rock types. These different distributions
are primarily due to amount of welding, and are exemplified by comparing the curve
for the bedded tuff(BT2) (Figure 1-6c) to those of the welded tuffs, CW, TUL, and
PV3 (Figure 1-6a, d, and e). These welded tuff units all have low a values, or high

air-entry pressures, approximately equivalent to 1/a, and describe the water potential
at which the pores initially drain, and thus are the largest pores. Rocks in the welded
hydrogeologic unit TR (not shown in figure) are vapor-phase corroded which
increases the size of the pores, and results in pore structures that drain at lower water

potential than other noncorroded welded rocks, thus the higher a (see Table 1-2).
Another notable feature is the residual saturation, which is approximately represented

by the saturation at which the dry end of the curves becomes asymptotic. It is related
to the abundance of very small pores that retain water at approximately 60-percent
relative humidity or -70 MPa. Altered rocks such as CHZ, or vitrophyres such as PV3,
have the largest residual saturations. The differences between the lithophysal and
nonlithophysal units is also apparent in Table 1-2 in the difference between a values
for lithophysal units TUL and

TLL,

and nonlithophysal units, TMN, TM2 and TM], as

nonlithophysal zones have a greater abundance of small pores and thus smaller a
values. In addition, the primary reason for dividing the lower nonlithophysal of the
Topopah Spring Tuff, TM, into TM2 and TM], was the difference in the moisture
retention parameter, a (Table 1-2), which indicates smaller pores.

Phase 4: Statistical Analysis to Produce Mean Values for Modeling Parameters
Once all the measured data were compiled, along with the estimated K from the
regression analysis, mean values and standard deviations were calculated for each
property for each hydrogeologic unit. Mean values for physical and hydraulic
properties for each hydrogeologic unit are listed in Table 1-2. Minor adjustments
were made in boundaries on the basis of porosity, such as the upper units and near the

base of the Tiva Canyon Tuff Once these boundaries were identified, geometric
means of fracture density data from four surface-based boreholes, located along the
north border of the potential repository, were calculated for the units for which there
were data (Table 1-2). This data is for illustration purposes only, representing the
general relation of fracture characteristics with rock matrix properties, and constitutes
only a small part of the suite of fracture characterization studies that have been done
at this site (see Sweetkind et al., 1998).
In general, the variation in porosity within each hydrogeologic unit was relatively

small, with the exception of BT4, BT2 and PV2. BT4 is very thin, and few samples
were collected. The relatively variable properties in BT2 result from being composed
of four units in Tpbt2, Tptrv3, and Tptrv2 where Tbpt2 and Tprv3 vary in the amount

of argillization, and Tptrv2 is typically thin (less than 2 m) and grades sharply into

low porosity rocks of Tptrvl (Moyer et al., 1996). The same mixture of properties is
true for PV2 that grades relatively sharply from very low to relatively high porosity

(Tptpv3 and Tptpvl, respectively).
Several trends emerge from comparing the mean values of porosity for the

hydrogeologic units. In the Tiva Canyon Tuff the lithophysal CUL is twice as high in
mean porosity (16 percent) as the mostly nonlithophysal CW(8 percent). The
Topopah Spring Tuff (Tpt) does not differ as much with the upper (TUL) and lower
(TLL)

lithophysal units having mean porosities of 15 percent and 13 percent

respectively, whereas the upper and lower nonlithophysal units (TM1V TM2 and TMI)

are 11 percent, 11 percent, and 9 percent, respectively. The vitric bedded tuffs and

nonwelded rocks in the PTn, included in

CNW, BT4, BT3,

and BT2, vary in mean

porosity from 39 percent to 49 percent. These porosities are significantly higher than

similarly deposited vitric tuffaceous rocks in BTI and CHV that have mean porosities
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have moderate to high mean porosity (26 percent to 35 percent) except for BF3

(12

percent). Frequency distributions of porosity for hydrogeologic units indicate normal
distributions for most units (Flint, 1998).
Mean water content and saturation have been calculated (Table 1-2), but several

factors should be kept in mind. Assumption of a constant value of water content,
saturation, and water potential should not be used across the site for individual units

due to the spatial distribution of infiltration that results from the distribution of
precipitation, the varying thickness of alluvial cover, the topographic positions of
boreholes, and the variable thickness of shallow rock units with different properties
(Flint and Flint, 1995; Flint et al., 2001c). Variances are also a function of spatial
distribution of alteration features or sampling of microfractures. Large variances
occur in the hydrogeologic unit CMW, as the argillic alteration is likely to be variable
among samples vertically and laterally between boreholes and in TC due to the
random sampling of microfractures.

Moisture-retention curve-fit parameters have been calculated for all the
hydrogeologic units with corresponding standard error and 95-percent confidence

limits (Appendix). The mean values for each parameter are listed in Table 1-2, and
the number of data sets, N, upon which laboratory measurements for moisture
retention were made is noted for each unit. Several of the units, TPP, TC and CHI/
posed measurement challenges as samples disintegrated due to frequent sample
handling and therefore are represented by only a few samples, which may not be an
unbiased sample due to this inadvertent selection for mechanical integrity. It is not
believed that the parameters for these units were unrepresentative or were
compromised due to the low number of samples.

SUMMARY
A logical sequential approach was presented for the assignment of hydrologic
parameters for numerical modeling of flow and transport in a large and complex
unsaturated zone. Measured values of rock core porosity, bulk density, and particle
density, saturated hydraulic conductivity, moisture-retention characteristics, and
saturation, along with lithostratigraphic descriptions, were used to divide the
unsaturated zone at Yucca Mountain, Nevada into 31 discrete hydrogeologic units
that can be related to, and spatially distributed using, the existing three-dimensional
lithostratigraphic models. These units, with some exceptions in the Prow Pass and

Bullfrog Tuffs, are intended to be hydrologically similar enough to be used
successfully to design large- and small-scale numerical models to describe water flow
at Yucca Mountain. Mean values and standard deviations of bulk density, porosity,

particle density, saturation, and saturated hydraulic conductivity are provided for each
hydrogeologic unit as well as representative values of van Genuchten (1980)
moisture-retention curve-fit parameters, a and n.
Porosity was the most useful property in characterizing individual hydrogeologic
units because it was measured on the most samples, and it is well correlated to
saturated hydraulic conductivity. Several additional features played an important part

in the hydrogeologic unit development. Zones of mineral alteration, especially at the
base of the Tiva Canyon Tuff and the zeolitized rocks below the Topopah Spring
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Tuff, defined on the basis of differences between total and effective porosity, have a
substantial influence on the storage and transmission of water. The close spatial
sampling through many units helped define two types of boundaries between units:
transition zones where properties change dramatically but smoothly over short
vertical distances, such as at the top of the PTn, and abrupt changes in properties,
such as at the bottom of the PTn. These two types of boundaries are of particular
interest because of the possibility of capillary or permeability barriers. Zones of
variably developed vapor-phase corrosion are characterized individually on the basis
of changes in porosity. To illustrate the differences in flow properties of various rock
types, the relation of porosity to saturated hydraulic conductivity and a was analyzed.
Hydrologic properties specific to the volcanic rocks at Yucca Mountain were
obtained, and provide modeling parameters representing all significant hydrogeologic
units in the unsaturated zone.

Representation of hydrologic properties of a spatially heterogeneous site,
whether saturated or unsaturated, based on core-scale sized samples from onedimensional boreholes sparsely distributed over the study area involves uncertainty.
An understanding of the depositional environment provides a basis for approaching
the characterization of hydrologic properties. Vertical variability of matrix properties
within hydrogeologic units will often follow deterministic patterns on the basis of
depositional andlor cooling processes, depending on the particular environment.
Problematic units in this pyroclastic flow deposit and fallout tephra eriviroliment are
(1) very thin units or units with multiple layers, (2) units with features that are larger
than core-size samples that might dominate the flow of water, or (3) units with lateral
variability represented by very few samples. The lateral distribution of core-scale
properties might adequately be represented for large-scale models by the correlation
of properties with surrogates such as porosity that can be modeled using
lithostratigraphic distributions and which has been shown to be related to flow

properties in this report and others. The correlation of porosity with lithology
provides a much larger database with which to calculate spatial distributions.
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ABSTRACT
Correlations of hydraulic properties with easily measured physical properties are
useful for purposes of site characterization in heterogeneous sites. Approximately 600
samples of volcanic rocks from Yucca Mountain, Nevada, representing rocks with a
large range of hydraulic properties, were analyzed to develop correlations of effective
porosity with saturated hydraulic conductivity and moisture-retention curve-fit
parameters that relate to rocks of varying depositional history and alteration
processes. Effective porosity,

4e,

defined as the porosity calculated using drying at a

relative humidity oflU MPa, is used in a generalized Kozeny-Carman equation to
predict saturated hydraulic conductivity, K

b

where b and n are constants.

When samples are grouped according to general rock type correlations result in an R2
of 0.71 for the crystallized/vitric samples, 0.24 for samples with mineral alteration,
and 0.34 for samples with microfractures, increasing the predictive capability over
that of the total data set.

Keywords: effective porosity, conductivity, Kozeny-Carman, Yucca Mountain,
volcanic tuffs

INTRODUCTION
Correlations between various properties of porous media are useful for the

purpose of predicting difficult to measure hydraulic properties using those easily
measured, This can provide a practical means for the quantification of the spatial
distribution of hydraulic properties.
The available physical properties, particularly porosity, but also, though available

in lesser abundance, particle size distribution or pore size distribution, are related to
deterministic processes such as depositional and alteration history that result in
various lithologic rock types or soil facies [15, 16, 21, 36]. Porosity is generally
related to porous media hydraulic properties, and can be a useful surrogate for
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estimation of these properties over a broad range of rock and soil types. It is
especially useful for rocks, as rock core samples are rigid, not generally deformable,
and are easily measured for porosity.

The volcanic tuffs at Yucca Mountain in southern Nevada consist of a 1,000-rn
thick unsaturated zone with a sequence of rhyolitic lavas and pyroclastic deposits
with a large variation in formation thickness, welding, crystallization, and alteration.
As a result, hydrologic properties, consisting of saturated and unsaturated hydraulic
properties and physical properties, vary over large ranges. Porosity ranges from 2 to
60 percent, and saturated hydraulic conductivity ranges from 1 x 1 0 to 1 x 1 ti' rn/s.
Unsaturated properties exhibit similar variability. Characterizing this diversity
requires a simplified approach. Water is stored in, and flows through, the
interconnected pores of the rock matrix; therefore, porosity is useful for
characterizing the hydrologic character of the various rock types. While there have
been many attempts to improve upon the predictions of hydraulic properties by
incorporating pore size distribution parameters, air entry pressures, or moisture
retention information, the simplicity of using porosity alone to predict large scale
hydrologic conditions is extremely useful, especially in environments or applications
where the porosity is closely related to deterministic features.
When populations of soils or rocks are of similar origin, and in the case that the

pore structure is geometrically similar across a range of porosities, relationships of
permeability to properties such as porosity can be strong [1, 20, 28,40]. If one can
assume that the soil or rock properties within populations, layers, or facies are similar,
because the components of the pore structure, such as tortuosity, specific surface area,
and pore shape are similar, then the generalized Kozeny-Carman equation is often
applicable. In the volcanic tuffs at Yucca Mountain, however, the range of pore
structures in the rock types resulting from the various depositional processes and
alteration history is extremely variable with only narrow portions of the

lithostratigraphic colunm having a likelihood of having geometric similarity in pore
structure. This extreme variability, however, assists in the correlations to a point that
is less useful for predictive purposes in soils. The range of hydraulic properties in

most soils, or at least within a general study area, is more limited than in volcanic
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tuffs. A more useful surrogate for prediction of hydraulic properties, especially in
depositional environments, is likely to be particle size, which will encompass a much

broader range than porosity. In volcanic tuffs, the porosity is related primarily to the
depositional features and amount of welding of a rock, with the lowest porosity in the
most densely welded rocks and the highest porosity in the nonwelded and bedded
rocks. Figure 2-1 illustrates this correlation of porosity with depositional unit for one
borehole at Yucca Mountain. Formations are designated in the right hand column by
horizontal lines that separate the unit designations. These designations indicate units
within formations that differ because of (1) degree of welding, (2) whether or not
vitric (glassy) material deposited from the source caldera cooled quickly and
remained vitric or cooled slowly enough to crystallize, or (3) alteration occurring
during deposition and cooling, or post-deposition primarily due to presence of high
saturations [14]. For many rocks the porosity is related to alteration history because
clays, zeolites, opal, tridymite, or calcite form in place, or are deposited, and therefore

may decrease porosity. While their presence reduces permeability, the occurrence of
clays or zeolites only slightly reduces the measured total porosity, because water can
be stored in clay and zeolite mineral structures rather than occupy space within the
pores. The smaller the pores are, or the greater the presence of altered minerals, the

higher the saturation tends t be, which is evident in Figure 2-1. AlsO included is the
particle density, which is correlated to degree of crystallization, as well as presence of
altered minerals.
Relationships between porosity and hydraulic properties have been identified by

previous authors with semi-log and log-log regressions with physical basis in a suite
of geometric and hydrodynamic considerations. Correlations obtained empirically,
often aided by dimensional analysis and theoretical considerations, are called

phenomenological models [13]. These relationships with hydraulic properties include
dependence on particle or pore sizes in both mean and distribution. Those based on
particle size are typically empirical or phenomenological, while the models based on
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pore sizes more often include assumptions regarding pore structure, shape,
connectivity or tortuosity.
The functions which provide a description of how porosity, 4), relates to the
hydraulic property permeability, k, have been published as early as 1898 (Table 2l).
Several forms of the 4) function are listed in this table, spanning over

75

years,

primarily with variations on the exponential form. Calculation of permeability
depends on the form of the

4)

ftmction used, but there are differences in the literature

even for the same form of the function, which illustrate subtleties in the assumptions
made. The Blake-Kozeny equation [3], for example, is k=(D2/150{4)3/(1- 4))2], which

requires an assumption of particle diameter, D; whereas Kozeny-Carman [7,

24] is

k=(D2/180[4)3/(1- 4))2] The subtle disagreement is simply due to the D that is

employed from the data available. Particle size analyses often don't yield the D as
uniquely defined, as one may use the D50, the geometric mean, or other

representations of the characteristic dimensions in the context of permeability.

Marshall [27], in the introduction of his capillary bundle theory of unsaturated
flow, described saturated k= 4)2/32. Millington and Quirk [30] deviated slightly from

that with k= 24)'/32. Dullien [12] presented a network model of pore structure
consisting of pore sizes randomly distributed over the network nodes, that used k=
4)196, and a bivariate pore size distribution function and breakthrough capillary

pressures from mercury porosimetry that were used to assign entry pore (neck)
diameters. This model was used to predict k of 14 different sandstone samples with
an average error of +1- 23%.
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Table 2-1. Porosity functions from equations used to predict permeability.

Function

Citation
Slichter (1898)

Kruger (1918)
(1- 4)2/
/1

Zunker (1920)

4

\Z/

Blake (1922), Kozen u1fl\

3

/ p

[(1-

)1.3/(

69.43-

(1937)

Terzaghi (1925)

_0.13)]2

Hulbert and Feben (1933)

4

Hatch (1934), Mavis and Wilsey (1936)
Fehling (1939)
Rose (1945)
{(1- )/

']{(1.

4)2+o

018]

Rapier (1949)
Tixier (1949)

rr)J

2

Marshall (1958)

Millington and Quirk (1961)
2

in

Timur (1968)

Rumpf and Gupte (1971)
Dullien (1975)
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Flow of Water through Porous Media
Commonly used as the basis for the flow of water through pores is the Navier-

Stokes equation, which can be simplified for creeping flow to solve for flow through
a small diameter tube, flow over an infinite flat plate, or flow between parallel plates.
Carman [7] then extended these general results for rectilinear flow with a general law
of streamline flow through straight tubes of irregular cross sections. Kozeny [24]

added a tortuosity factor to Carman's shape factor which resulted in the KozenyCarman equation: k=

43/k0T2(l-

4)2S0, where k0

is the shape factor (typically found

experimentally to be 1.8-2.4), T is tortuosity, and

S0

is the specific surface area.

Specific area of porous material, defined as the solid-gas interfacial area per unit
mass, is affected by the porosity, by the mode of packing, the grain size and the shape

of the grains. The product of k0T2 is called Kozeny's constant and has experimentally
been found to be equal to 5 for many unconsolidated materials.
The Kozeny-Carman model [7, 24], often called hydraulic radius theory, is
sometimes regarded as a phenomenological approach, but is, in fact, closer to being a
geometric model because certain assumptions on pore structure have been made,
whereas a purely phenomenological theory based on empirical tests often makes no
assumptions. In the case of particles that deviate strongly from spherical, broad
particle size distribution, or consolidated media, the Kozeny-Carman model often is
not valid [13].
The reasons for disagreement between k predicted by Kozeny-Carman and
experimental values are primarily due to the fact that porous media in nature is not
composed of well-connected, tubular flow conduits, or constant-diameter pores,
which is the basis for many of the theories and models. Empirical coefficients are
applied to account for the following: (1) anomalously high tortuosity; (2) at high

4,

the assumption of conduit flow is violated and the "flow around submerged objects"
approach would be more appropriate. Also, friction drag mechanisms are dominant
over viscous shear mechanisms that determine the friction in conduit flow; (3)
parallel-type pore nonunifomiities: if pores of different sizes are operating in parallel,
the k is dominated by the largest pores (based on the Hagen-Poiseuille equation),
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rather than if all pores (or capillaries) had the same diameter; (4) serial-type pore
nonuniformities: where the sequential variation in the effective cross section of flow
channels tends to result in a k associated with the smaller cross-section. The serialtype nonuniformity affects k in a maimer opposite to that of the parallel-type, and
there may be some cancellation of effects in a porous media, or one effect may
dominate depending on the pore structure [13].

Following Kozeny, Marshall [27] extended the calculations of k for pores of
uniform size to include smaller pore sizes that carry the water as the larger pores
desaturate. In Marshall's equation k= 2n2[ri2+3r22+5r32+. . .+(2n-1)r,]/8, where n is

the number of equal porosity divisions, each of average grain radius, r. Using suction
in place of the pore radius, k= 2.8x103 2n'2[h12+3h22+5h32+. .+2(n-1)h], where h
.

represents the suction in the equal classes corresponding to r. If the

k0

in Kozeny-

Carman is equal to 5 and =O.4, then the Marshall and Kozeny-Carman equations are
equal for the largest pore size. A problem is that /n, or 2n2, doesn't adequately

represent altered minerals because the smallest pore sizes probably don't have the
same relative f as a function of (/n), and the relative contribution of the smaller

pores is misrepresented.
Rumpf and Gupte [39] studied uniformly random packs consisting of various

distributions of spherical particles over a range of (0.35-0.70) and a range of low
velocities. When combined with Darcy's law, Rumpf and Gupte devised an

expression of k=D2

B (D is pore diameter and B is a constant that varies with

the particle size distribution). This equation provided a better fit for their data than the
Kozeny-Carman equation, but they suggested that a general formula does not exist
because the value of k depends on particle size distribution parameters, and k, as well
as , may be expected to depend on particle shape and packing structure.

Empirical Calculations of Permeability and Effective Porosity
Numerous studies have used simple semi-log or log-log relationships of porosity

to permeability, or saturated hydraulic conductivity, K [20, 21, 25, 28, 40 (figures
2.9, 2.10), 43], which include the dynamics and properties of a fluid in its
measurement. While most researchers readily acknowledge the general lognormal
distribution of saturated permeability in natural sediments [17, 23], Fogg et al. [15]
concludes, on the basis of studies in alluvium, that k should not be assumed to be
lognormally distributed, except perhaps within each depositional facies. Jensen [23]
notes that caution should be taken when assuming that a geometric average is a good
estimator of the geometric mean because the estimates become very sensitive to the
small values in the sample set, while the true effective permeability may be only
weakly dependent on these small values. Fuller and Sharp [18] determined that k was
well described by a lognormal distribution in varnished or weathered welded tuffi
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was attributed to a wider distribution of pore sizes, whereas the weathered or
varnished rocks had a greater proportion of small pores. These studies support the
approach of separating populations of samples for analysis on the basis of their
depositional or alteration history (facies).

Many studies also use an effective 4 or an irreducible saturation [43, 44]. Indeed,
Nelson [32] concluded that the best of the log-based predictors rely on good estimates
of irreducible water saturations. This was confirmed for volcanic tuffs by Rael et al.
[35]. Other studies more recently have applied a generalized Kozeny-Carman

equation to the log-log relation for the basis of empirical evaluations, K b
where b and n are constants, and

e

is effective porosity [1, 16 , 28, 33, 42]. Several

studies used both 4 and an irreducible water saturation, Sff; k[250(3/ S)]2 [44],

and k=[100(225/ S)]2 [43].
All of these studies have stressed the need for identifying the portion of the pores

that contribute to flow in the form of an effective porosity. Numerous definitions have
been posed for this concept, some based on moisture retention characterization, some
arbitrary, but typically based on the difference between saturated water content or

total porosity, and some value of water content that is held in smaller pores, often
termed residual water content, 0-. In terms of saturation it is often termed residual
saturation,

Sr

or irreducible saturation, S. Bear [2, p. 44] describes the effective

porosity as the ratio of the interconnected (or effective) pore volume, to the total
volume of the medium. It is also the drainable porosity, which would seem to
correspond to the irreducible saturation described by Schön [40]. Bear [2] defines
effective porosity as the drainable porosity, or the total porosity minus the field
capacity. There is also effective porosity defined for transport as that portion of the
soil or rock that contributes to flow [11], and Luckner and Schestakow [26] equate
effective porosity and mobile water content.

Schön [40] noted that the pore space geometry determines permeability and the
capillary forces. These forces control the retention of water in the angles and
capillaries between the grains. This irreducible water cannot be displaced by the
forces acting on the fluids in the large pores, and is larger in low-permeability media.
Schön' s definition is based on observations of sandstone formations that have drained
under gravitational forces. This is similar to the explanation by Corey and Brooks [4]
in which

Sr

is the largest saturation for which the wetting fluid is retained primarily

by adsorptive rather than capillary forces. They also note that

ST

does not correspond

consistently to a recognized physical entity. This value would be equivalent to total
e

They also note that estimates of S from moisture characteristic parameters rarely

permit a satisfactory approximation for k, suggesting that S is best used as a fit
parameter. This is also suggested by van Genuchten [45], who defines it as the water
content for which the gradient (dO/dy); where 0 is water content, and w is water
potential) becomes zero.

There are also relatively arbitrary definitions of

e,

such as that used by Stephens

et al. [41] who used the difference between -0.03 and 1.5 MPa, or Ahuja et al. [1],
Messing [28], Franzmeier [16], Timlin et al. [42] and Pachepsky et al. [33], who used

the difference in water content at saturation and at 0.03 MPa. Pachepsky et al. [33]
acknowledges that relating the effective porosity to water retention or to basic soil

physical properties might lead to better K estimation.

This leads to the notion of effective saturation [9],
effective water content, (0-

Or)/(Os

(S-Sr)/(1-Sr),

equivalent to

Or), where subscript r is residual, and subscript s

is saturated, which should be equivalent to

4e

at total saturation. Saturated water

content, however, does not always represent total porosity, and is often measured at
the water content at zero tension, which may or may not include dead end pores.
Timlin et al. [42] and Pachepsky et al. [33] used a value of 0.9 for the saturated
water content of their soil samples.
Several studies attempting to use porosity as a predictor for k, have added factors
to account for the pore size distribution [33, 39, 42]. These studies are often based on
au
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METHODS
Dataset
The dataset used for this analysis is 593 rock core samples collected from 23
surface-based boreholes at Yucca Mountain, Nevada, that had laboratory
measurements of saturated hydraulic conductivity, K8, and physical properties (total
porosity, effective porosity, particle density, bulk density) on each sample [14].
Saturated hydraulic conductivity was measured using high-pressure and low-pressure
Hassler-type steady-state permeameters. Another 101 samples, 69 of which were
from the 593 samples, had laboratory measurements of moisture retention using a

chilled-minor psychrometer or a centrifuge, and curve-fit parameters determined
using Brooks and Corey [4] and van Genuchten [45] equations.

Alteration and the Estimation of Effective Porosity
The concept of 4e representing the portion of the porous media that contributes to
flow is critical in the estimation of K8. The definition should not be arbitrary but
should relate to the media under consideration. For example, if one is investigating a
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series of differing soils or rocks, the use of 4e should reflect those differences. Corey
and Brooks [10] comment that one would not expect pore space occupied by water
due to absorptive forces (such as those imposed by clays) to have the same fractal
configuration as the pores holding water under capillary forces. This suggests that the

factors contributing to K differ for porous media with altered minerals in the pores.
Corey and Brooks [10] note that in clay soils, with Or used as a fit parameter, it often

is zero, indicating no discontinuity in pore dimensions between fluid retained by
absorptive and capillary forces, as all pores are influenced by clay and are thus

influencing the geometry. In sandy soils containing some clay, the magnitude of °r is
related to the quantity of clay.
For the purposes of predicting saturated hydraulic conductivity and moisture
retention parameters, effective porosity will be defined as saturated water content
minus

°r,

which is the amount of water left in the pores after equilibrating in an

environment of approximately 70 MPa water potential, or about
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percent relative

humidity. This value was chosen on the basis of studies done on soils by Jackson [22]
and Rose [38], and measurements by Bush and Jenkins

[6],

who determined that

drying rock samples in an oven at a temperature of 60°C and 40 percent relative
humidity maintained water within the clay structures, as well as 1-2 molecular layers
of water adsorbed on their surface, while removing it from the pore channels. This
teclmique provides a tool to discern the amount of altered minerals that occupy pores

and reduce K or air entry.

RESULTS

Correlations of Effective Porosity to Saturated Hydraulic Conductivity
Fitting a straight line to a log-log plot of K versus effective porosity,
which is a generalized version of the Kozeny-Carman equation, K = b

e,

is used,

where b

and n are constants [1, 16, 28, 42], and relates back to the earliest correlations
developed for these properties. The entire suite of samples representing all rock types
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at Yucca Mountain is shown in figure 2-2. There are apparent outliers and the R2 is

0.36, which is 36 percent of the total variation in K that is explained or accounted for
by the fitted regression equation, K = 7 x i0

This is improved over the R2 of

0.23 if the total porosity is compared to K. Neither of these correlations is
particularly useful for using porosity to estimate K. A semi-log plot of the samples
results in an improved R2 of 0.5, and results in a slightly lower standard error of the
regression estimate (1.62 for the log-log transformation vs. 1.42 for the semi-log

transformation), but the scatter in the population still doesn't provide for useful
predictability. There are the entire suite of equations listed in Table 2-1 that have

been used to transform porosity and/or K in order to improve the relationship for
many different kinds of porous media, from rocks to sands. However, when each of

these was used to correlate K with 4e for this dataset, there was either no
improvement in the R2, or it was improved by only a small percentage, generally <2-

3%, over the log-log relationship. This is probably due to the general applicability of
each equation to a specific data set. A rationale for refinement of the predictive

capability of

e

is to systematically acknowledge the depositional differences, or

differences in alteration between the rock types. A theoretical approach to identifring
similarities in rock pore structure and hydraulic properties is found in equations that
use porosity and a physical feature such as particle diameter (Kozeny-Carman, BlakeKozeny, Rumpf-Gupte) or pore size (Marshall) to predict permeability. The particle
diameter or pore size of consolidated volcanic rocks is a function of the unique set of
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depositional and cooling history and the difference in crystallization (Figure 2-4)
suggests that they do not have similar pore structure, although Figure 2-5 suggests a
continuous relationship in the log-log relationship is reasonable. An assessment was
done to determine analytically if samples from the two rock types had geometric
similarity in pore structure [29] by removing the effect of pore size on the relationship

to conductivity. If the samples were similar, the dependence of conductivity on
porosity shouldn't change as a result of scaling. The analysis was done using the
smaller set of samples (Figure 2-6a) that had both moisture retention data and K data,
in order to provide a measure of the pore size. The radius, r, of the largest pores
(those that make the biggest contribution to flow) was calculated from the estimated
air entry for each of the 62 samples using the capillary height rise equation. Each

sample in the dataset was then multiplied by the K/r for that sample (Figure 2-6b).
The differences in effective porosity still differentiate the rock types, but the removal
of pore size reduced the variation among the samples by almost 4 orders of magnitude
in conductivity. This analysis shows that these two rock types are not similar, and
serves to illustrate the influence of pore size on the hydraulic conductivity. While the
pore structure accounts for a large portion of the hydraulic conductivity, the relation
to effective porosity alone is more dominant. Were there a simple measure of pore
size, this feature, along with porosity, would provide an improved relation to
conductivity.

The objective of providing a simple, straightforward approach for defining

hydraulic properties from effective porosity for this extremely variable data set
supports combining the crystallized and vitric samples into one group. A combined
data set has an R2 of 0.71 and a standard error of the Y estimate of 1.07, which

indicates the accuracy with which the fitted function predicts the dependence of K on
All regression statistics for the various groups of sample types are included in

Table 2-2, including 95% confidence limits for the prediction of one variable from the
other variable. Regression lines and confidence limits are illustrated for each rock

group in Figure 2-7. The confidence limits convey the generally large magnitude of
error in the regression model for this variable data set, especially for the
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Figure 2-6. Using a subset of samples, a comparison is shown of (a) the relation
of effective porosity to saturated hydraulic conductivity with (b) the influence of
pore size removed.

microfractured samples that encompass variable fracturing on a core scale. Other rock
types have confidence limits ranging 2 to 3 orders of magnitude.

Correlations of Effective Porosity to Moisture-Retention Parameters
An attempt to correlate static hydraulic properties, such as the pore size
distribution represented as an index parameter, 2, used by Brooks and Corey [4], or n,
used by van Genuchten [45], to effective porosity, resulted in no correlation for either
parameter for this data set. While several researchers have had success in improving

estimates of K using a pore size distribution index along with porosity, predicting the
index from porosity alone is not supportable. Rockhold et al. [37] successfully used a
constant Brooks and Corey index to represent the hydraulic properties of 448 soil
samples in New Mexico.

Table 2-2. Regression statistics for all sample groups for the prediction of saturated
hydraulic conductivity, in mis, from effective porosity.

+1- 95%

Dataset

n

All samples
593
Crystallizedivitric 422
Crystallized
271
Vitric
151
Altered
149
Microfractured
23

Regression equation
(Intercept) (Exponent)

6.8 x i0
7.6 x l0
2.6 x

3.8
5.9

106

4.4

2.9x i0

6.5

1.5 x 108

4.0
3.2

1.9 x 1O

R2

0.35
0.71
0.50
0.48
0.24
0.34

Standard
error

Confidence
limits

42.0

3.8 x iO3
9.8 x 1O3
2.0 x 102
3.7x 102
1.3 x 102

12.0
11.0
9.3
5.8
91.0

2.8 x l0

Relating the air or water entry index represented by Brooks and Corey {4] as

Pd, or van Genuchten [45 as a, to

e

or degree of alteration (represented by O) is

more intuitive. Pd shows a relatively poor correlation with

e,

(Figure 2-8a). This is

probably due to the determination of the Brooks and Corey curve fit parameter for
these samples because of the scatter in the data. The method of computing the

parameter uses a log-log transformation that does not produce a straight line for many
samples, making the extrapolation of the line to saturated water content inconsistent.

The van Genuchten a parameter, however, is fairly well correlated to

e

jf the samples

are separated into unaltered (crystallized plus vitric) and altered populations (Figure

2-8b). Combining the microfractured samples into the unaltered populations is done
because the microfractures only transmit water quickly under saturated conditions.
The R2 for the unaltered samples is 0.65 'with a standard error of the Y estimate of

0.46. The altered samples have an R2 of only 0.32, with a standard error of the Y
estimate of 0.47.
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deterministically distributed in space. The calculation of effective porosity using a
drying method at elevated relative humidity (at approximately -70 MPa), maintains
water in altered minerals as a residual water content, and provides an estimate of the

flow channels that contribute to the flow of water. These altered minerals block the
flow paths and reduce the permeability.
Investigation of the physical properties of the suite of almost 600 samples
representing all of the rock units at this site using variations of the Kozeny-Carman
equation, illustrates differences in particle diameter and particle density among rock
types that supports the grouping of these samples into easily discemable rock types
for simple application of hydraulic property estimation. While analysis indicates that
the pore size represents a large portion of the dependence of the saturated hydraulic
conductivity on effective porosity, the porosity is dominant and easily measured.
These rock types are (1) crystallized and vitric samples, (2) samples from lithologic
units that generally exceed 5% residual saturation, calculated from the effective
porosity measurement, that are considered altered, and (3) samples from densely
welded vitrophyres that have microfractures that transmit water under saturated
conditions much faster than the low porosity matrix. The estimation of saturated
hydraulic conductivity from effective porosity when all samples are combined

provides prediction results that range over 4 orders of magnitude. When samples are
grouped according to general rock type, the prediction results are reduced to
approximately 2 and a half orders of magnitude with an R2 of 0.71 for the combined
crystallized/vitric samples, approximately 2 orders of magnitude and an R2 of 0.24 for

the altered samples, and about 4 and a half orders of magnitude and an R2 of 0.34 for
the microfractured samples. It is apparent that the samples with microfractures are the
most influential in reducing the correlation for the total dataset.

Effective porosity can also be used to estimate the moisture retention curve-fit
parameter, a [45], that is inversely related to the air entry of a sample. This value is
related to the largest pores of a sample and correlates well with effective porosity
when the samples are grouped according to altered samples, R2 0.31, and unaltered
samples, R2=0.62. Microfractured samples are included in the unaltered rock types as

the a parameter is related to unsaturated conditions. The Brooks and Corey
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parameter, Pd, which is related to air entry, shows a relatively poor correlation with

effective porosity, probably due to the inconsistency in estimating it from scattered
moisture retention data for rocks. Pore size distribution indices have no correlation
with porosity, and mean values are suggested for use in parameter estimation.
The utility of these correlations is notable when hydraulic properties are required
for rock locations where changes in porosity occur in deterministic transitions, or
along lateral extents where spatial correlations within a unit can extend to up to
several hundred meters in some volcanic tuff formations. The simplification of the
approach to use only effective porosity as a surrogate for these volcanic rocks,
providing estimates of hydraulic properties that extend over many orders of
magnitude, and consist of a range of types of hydraulic character, is a useful
consideration when presented with a vastly heterogeneous site for characterization.
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ABSTRACT
Natural hydraulic barriers exist at Yucca Mountain, Nevada, a potential highlevel nuclear waste repository, that have been identified as possible lateral diversions
for reducing deep percolation through the waste storage area. Historical development
of the conceptual model of lateral diversion has been limited by available field data

but numerical investigations presented the possibility of significant lateral diversion
due to the presence of a thin, porous rock layer, the Paintbrush nonwelded tuffs.
Analytical analyses of the influence of transitional changes in properties suggest that
minimal lateral diversion is likely at Yucca Mountain. Numerical models, to this

point, have not accounted for the gradual transition of properties or the existence of
multiple layers that could inadvertently influence the simulation of lateral diversion
as an artifact of numerical model discretization. Analyses were made of subsurface
matric potential measurements and comparisons were made of surface infiltration
estimates with deeper percolation flux calculations using chloride-mass-balance

calculations and simulations of measured temperature profiles. These analyses
suggested that insignificant lateral diversion has occurred above the repository

horizon, and water generally moves vertically through the Paintbrush nonwelded
tuffs.

INTRODUCTION
Yucca Mountain, Nevada (Figure 3-1), is being studied to determine if it is
suitable for storage of high-level radioactive waste. The site was selected as a
potential repository partially due to the abundance of natural barriers to the migration
of water that could possibly interact with and corrode the waste canisters (Roseboom,

1983). One of the natural barriers identified early in the characterization was the
layered, nonwelded volcanic tuffs that exist between the ground surface and the

potential repository horizon, and the potential of these tuffs to laterally divert water
away from the waste storage area.

1983). In addition, it was assumed, on the basis of early conceptual models, that water

would be diverted laterally via the thin, sloping, high-permeability, nonwelded layer
that was situated between the upper two thick, fractured and welded units, the Tiva
Canyon and Topopah Spring Tuffs (Montazer and Wilson, 1984; Flint et al., 2001a)
(Figure 3-2).

Natural hydraulic diversion mechanisms may exist on large scales in
deterministic depositional environments that provide large-scale features with

contrasting hydrologic properties. The question posed here is if an ash-flow/ash-fall
tuff environment, such as that at Yucca Mountain, provides those features, and on a

scale pertinent to the intent necessary at this site. The concept of a natural capillary
barrier is summarized by Montazer and Wilson (1984) as a fine-grained layer
overlying a coarse-grained layer, where water cannot flow from the smaller pores of
the fine-grained layer into the larger pores of the coarse-grained layer until the height
of water in the overlying layer exceeds a critical height, equivalent to the difference
in the capillary rise (air-entry potential) of the two pore sizes. At Yucca Mountain
these definitions are complicated by the assumed flow mechanisms and must be

carefully defined. Yucca Mountain consists of a series of fine- and coarse-grained
rock layers (Figure 3-2 and Figure 3-3), but for simplifying the definitions we will
assume we have a fine-grained, low-permeability rock (Tiva Canyon Tuff, Tpc)
overlying a high-permeability, coarse-grained rock (nonwelded rocks of the
Paintbrush Group, PTn), which, in turn, overlies a fine-grained, low-permeability

rock (Topopah Spring Tuff, Tpt). If matrix flow is the only mechanism considered,
as is more likely under conditions of very low net infiltration (that component of
surface infiltration that makes it to a depth below which evapotranspiration processes
can remove it), then a capillary barrier would exist at the interface between the finegrained, high water-retention matrix of the Tpc and the coarse- grained PTn. The PTn
has a low relative permeability for the range of negative water potentials likely to
exist at low infiltration rates. In addition, a permeability barrier would exist between

the base of the coarse-grained PTn and the fine-grained Tpt. In contrast, if flow
though the fine-grained rock is predominately through the fractures, as occurs at high

net infiltration rates, then the opposite scenario would apply. The high conductivity

fractures in the Tpc overly a relatively lower permeability porous matrix (the PTn has
few fractures) causing a permeability barrier at the base of the Tpc and the top of the

PTn. A capillary barrier exists between the relatively lower permeability PTn and the
higher permeability fractures of the underlying Tpt (Figure 3-3).
In fractured rock systems the amount of percolation can determine if the flow is
fracture- or matrix-dominated, and hence, whether the layer will act as a capillary

barrier or a permeability barrier. Because of the variability in net infiltration at Yucca
Mountain, both permeability and capillary barriers can be in effect at either the base

of the Tpc or the base of the PTn. These conditions are further complicated by the
degree of saturation of the matrix and the size of the fracture apertures, and whether
the fractures are open or filled.
The purpose of this work is to evaluate evidence for a lack of lateral diversion on
any significant scale at Yucca Mountain above the potential repository horizon. This
will be done by discussing (1) how the conceptual model of subsurface flow that
described the lateral diversion of water at Yucca Mountain changed over the years on
the basis of an increase in available data and information, (2) how field data
constrained calculations and numerical models describing lateral flow, (3) analytical
calculations describing capillary barrier mechanisms on the basis of available
properties from the site, and (4) data and interpretations representing various scales
that support downward flow through the nonwelded layers and a lack of significant
lateral diversion.

HISTORICAL DEVELOPMENT OF THE CONCEPTUAL MODEL OF
LATERAL DIVERSION AT YUCCA MOUNTAIN
Conceptual Model Development
The original location for a potential repository in the unsaturated zone was first

suggested by Winograd (1981). Investigators very early on the project had various
views of the potential for lateral diversion. In 1983, Scott et al. saw some potential for
capillary barrier mechanisms to be effective at the contact of the upper welded unit,

the Tiva Canyon Tuff(Tpc), and the underlying nonweided tuffs of the Paintbrush
Group (PTn), while Roseboom (1983) claimed no lateral component would exist
because of the extensive fracture system. One year later, a conceptual model of flow
at Yucca Mountain was published by Montazer and Wilson (1984) that included
extensive discussions of capillary barrier mechanisms, and it was suggested that over
80 percent of the percolation (4 mm of the 4.5 mm/yr that they estimated) would be
laterally diverted above and within the PTn. This was characterized as a large-scale
process such as the scale depicted in Figure 3-2. Sinnock (1984), Klavetter and
Peters, (1986), and Peters and Klavetter (1988) suggested the diversion would occur
at the base of the PTn due to canillary barrier mechanisms because of the nonwelded
tuff overlying even larger pores of the fractures in the densely welded Topopah

Spring Tuff In 1996, Wilson (1996) stated that conventional wisdom still believed
that the PTn acts as an effective capillary barrier to divert much of the infiltrating
water around the potential repository horizon, and as recent as 1999 lateral flow in
and above the PTn was still being included in the conceptual model of flow that is
implemented in the three-dimensional site-scale flow model of Yucca Mountain
(Sormenthal and Bodvarsson, 1999; Ritcey and Wu, 1999).

r.7
r.ii

Numerical Model Development
Numerical models were used to test the hypotheses for lateral diversion using

limited data and field observations in the late 1980's. Rulon et al. (1986) developed a
2-D model that supported Montazer and Wilson's concept of lateral flow in the PTn
at low fluxes, with as much as 50 percent of the infiltrating water being diverted using

fluxes of< 1 Inm/yr, but about 20 percent diverted at their maximum estimate of 4.5
mniiyr, considerably less than the nearly 90 percent suggested by Montazer and
Wilson (1984).

Rockhold et al. (1990) ran the first 3-dimensional model in 1990 for a small
portion of the site. It produced matrix flow in the PTn and diverted most of it laterally
within the PTn. By 1995 or so, many of the researchers still believed that lateral

diversion in and above the PTn might reduce the volume of water that would
penetrate the Topopah Spring Tuff, even though the estimates of potential net
infiltration into the system had been increased from the earlier estimates of 1-5

mm/yr, to an average of 5 mm/yr with a range of 0-80 nm1/yr distributed spatially
over the site (Flint et al., 2001a, b). Although no significant or conclusive field
evidence was available to support the concept of lateral diversion, a number of
modeling exercises were done to test if the available measured properties and

geometry of the PTn could support or induce diversion (Ho, 1995; Altman et al.,
1996; Moyer et al., 1996). Quite typically lateral diversion was attained, although

minimally at high fluxes (> 10 mmlyr). At lower fluxes (>0 to 5 mm!yr) the diverted
water may have been an artifact of simplified geometry, unrealistic properties, the

idealization of stratigraphic contacts as linear features, or a misrepresentation of the
gradational nature of the transition of the Tiva Canyon Tuff into the nonwelded PTn,
In 1999, water was diverted laterally above the PTn in the 3-dimensional site-scale
flow model of Yucca Mountain developed by Lawrence Berkeley National

Laboratory a distance of approximately 250 m under current climate conditions with a
net infiltration rate of 0-38 mm/yr (Ritcey and Wu, 1999), although they
acknowledged that no field evidence of lateral diversion has been observed, and

suggested that faulting or interface heterogeneities limit lateral flow. Until oniy

recently, there were no accurate and high-resolution matric-potential measurements of
the subsurface rocks, particularly in the PTn, to test the model results. These
measurements are now available for boreholes penetrating the PTn (Flint et al.,
2002b), and for locations along the extent of the Cross Drift (Flint and Flint, 2000).

Lithostratigraphic Description
Early interpretations of lateral diversion were on the basis of several boreholes
providing geologic/lithologic descriptions and scanty measurements of hydrologic
properties. Once more detailed information was available, such as detailed physical
and hydraulic properties from core samples, and geochemical data, more insightful
models were developed to test the hypotheses of lateral diversion. Figure 3-3
schematically illustrates the generalized lithostratigraphy of the nonwelded PTn
flanked above and below by the fractured, densely welded Tiva Canyon and Topopah

Spring Tuffs, and an example of the corresponding porosity and relative saturation of
core samples from several boreholes (Figure 3-4).

The Paintbrush nonwelded hydrogeologic unit (PTn) of Montazer and Wilson
(1984) is described as consisting of the nonwelded and partially welded base of the

Tiva Canyon Tuff the Yucca Mountain and Pah Canyon Tuffs, the upper nonweided
and partially welded upper part of the Topopah Spring Tuff and the associated bedded

tuffs. It consists of thin, nonwelded ash-flow sheets and bedded tuffs that thin to the
southeast from a maximum thickness of approximately 200 m to a minimum of about
30 m in the vicinity of the potential repository.

These rocks have been separated into several hydrogeologic units on the basis of
lithostratigraphic description (Moyer et al., 1996) and similarity in hydrologic

properties (Flint, 1998; chapter 1). The rocks near the base of the Tiva Canyon Tuff
are characterized by a transition in porosity and also in mineral alteration and are

divided into the CMW and CNW hydrogeologic units. The CMW hydrogeologic unit
consists of moderately welded rocks near the base of the Tiva Canyon Tuff, with
varying degrees of vapor-phase corrosion, that range from approximately 15 percent

porosity at the top of the unit to greater than

28

percent porosity at the bottom of the

unit. The CNW consists of nonwelded to partially welded rocks at the base of the

Tiva Canyon luff, that range from> 28 percent porosity to over 50 percent porosity.
The CMW and the top of the CNW in some boreholes consist of low permeability

altered iiiierals with small pores and high water retentiOn.

The lithostratigraphic units of the PTn coonly are thin, but distinct enough in
properties to delineate as separate hydrogeologic units. A numerical modeling
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Figure 3-4. Porosity and saturation for several boreholes penetrating through the
nonwelded rocks of the Paintbrush Group (PIn).

exercise was done by Moyer et al. (1996) to assess the hydrologic impact of these

individual units and whether the mean properties of the units were different enough to
maintain the individual layers as separate units. It was determined that abrupt and
linear contacts along with the contrasts in properties were instrumental in creating

lateral diversion along the sloping contacts. As an exercise this indicated that the
contrasts in the mean properties for each unit were different enough in most cases to

maintain separate units. The authors suggested the possibility that the exercise
simplified the linear character of the contacts. Field observations of outcrops and
analyses of core data, such as in Figure 3-3, and sample properties in Istok et al.
(1994), provide indications that these contacts are often only locally linear. Therefore,
they are less likely to divert water laterally due to heterogeneities that cause local
increases in saturation that result in penetration across the boundary.
The Yucca Mountain Tuff (TPY) has properties very similar to the BT4 and BT3
and is absent in boreholes to the south of Drill Hole Wash (Figure 3-4, see boreholes
N54 and N55) but has lower porosity and becomes moderately welded to the north

(Figure 3-4, see borehole SD9). The nonwelded to partially welded Pah Canyon Tuff
is hydrogeologic unit TPP. The bedded tuffBT2 and the nonwelded top of the
Topopah Spring Tuff were not different enough in properties to maintain as separate
units (Moyer et al., 1996; Flint, 1998) and are represented by hydrogeologic unit

BT2. The nonwelded top of the Topopah Spring Tuff, encompassed by BT2, is a thin
unit that transitions sharply from nonwelded to densely welded rock such that the
borehole sample spacing of 0.8 m was not enough to adequately characterize the
transition. Underlying this unit is a very thin, densely welded and fractured upper
vitrophyTe, hydrogeologic unit TC, which is typically less than 0.5 meter thick, but

varies from 0 to 2 meters thick across Yucca Mountain. The TC typically has
porosity less than 5 percent and has microfractures that have high permeability when
saturated, and very low permeability when unsaturated. This unit also has varying
degrees of larger fractures that initiate just at the upper contact.

Evaluation of the Potential for Lateral Diversion from Field Data and Detailed
Properties
Borehole data of physical and hydraulic properties and water content collected
from between 1990 and 1995 provided support for the concept of a barrier (capillary
or permeability), at least in some locations (Figure 3-4). These profiles of porosity
and saturation suggested the possibility of barrier mechanisms operating because of
the high saturations at the contacts between the CMW and the CNW, or the CNW and
BT4 and the abrupt decline in saturation of the underlying rocks. The identification of
high amounts of smectites in these locations further supported the concept (D. Bish,
Los Alamos National Laboratory, 1992, written comm.). The scenario suggests an
initial depositional condition of a vapor-phase corroded moderately welded tuff with
small pores with a gradational transition extending downwards into a nonwelded tuff

with larger pores that overlaid, with an abrupt contact, a bedded tuff with large pores.
Given an effective barrier mechanism in this stratigraphic location, the development
of long-term saturated conditions could alter the vitric rocks to montmorillonite,
which is currently present. The presence of these altered minerals in the overlying
rocks however, greatly reduces their permeability (Flint, 1998) so that they would
drain only very slowly laterally down dip. This combined with a much lower air-entry
potential and therefore thicker capillary fringe moves the barrier upward into the
fractured welded rocks, through which the water could then drain laterally down dip.
This is supported by the modeling exercise in Moyer et al. (1994) in which lateral
diversion occurred primarily in high conductivity fractures of the Tiva Canyon Tuff
overlying the CMW. The mechanism in this case could be either a capillary barrier or
a permeability barrier depending on the flux mechanism (whether the percolation flux
is dominated by flow through fractures or matrix). The locations of boreholes in
which the altered minerals are the most developed are those in topographic positions
most likely to have historically high surface fluxes, such as washes during the high
precipitation Holocene-age climate (Figure 3-3, UZ7a or N3 1) or where surface
faulting exists (Figure 3-3, N55). As a result, this feature is not well developed in all
boreholes.

The collection of detailed rock properties provided information for detailed
numerical modeling intended to test the effectiveness of the PTn to produce lateral
diversion. The construction of numerical models typically relies on mean values of
properties for a given lithostratigraphic units, resulting in artificially abrupt contacts
due to the maimer in which gradational contacts between rock types are discretized,

such as at the transition from welded to nonwelded rocks at the top of the PTn and the
moderately welded to fractured rocks at the bottom of the PTn. In one case, Kwicklis
et al. (1994) used porosity to estimate hydraulic properties, producing high-resolution
changes in vertical property fields in two 1-D models of boreholes. The boreholes,
UZ#4 and UZ#5 (Figure 3-1), were located in a channel and an adjacent sidesiope.
These models resulted in interpretations of lateral flow in the PTn from the channel
borehole to the sideslope borehole, but with a hesitancy to conclude anything more
significant than subsurface spreading from a location with high surface fluxes such as
this wash, which had significant runoff in recent years, to surrounding drier rocks.
Larger-scale models consistently resulted in diversion (Moyer et al., 1994; Ho
and Webb, 1995; Altman et al., 1995), particularly at the lower fluxes provided by the
range of estimated net infiltration for the site. The use of properties that were
stochastically distributed within hydrogeologic unit boundaries among grid cells on a
fine scale, 2 cm x 4 cm, appeared to reduce the large-scale diversion by
approximately 15 percent (Ho and Webb, 1995). This is likely the most realistic
representation of the geometry and properties of the site.
Properties and models have supported active barrier mechanisms and have

provided support for lateral diversion. However, isotopic data indicating young water,
such as bomb-pulse chlorine-36 and tritium was measured in borehole samples from

the PTn (CRWMS M&O, 2000), which indicated that not all water was laterally
diverted above the nonwelded units and, indeed, that water did penetrate the potential
barrier at the upper contact. These isotopes were later found extensively in the
Topopah Spring Tuff in the Exploratory Studies Facility (Fabryka-Martin et al., 1997)
further confirming the notion of fast paths through the PTn. All measured bomb-pulse
values were associated with faults that broke the continuity of the PTn. The extent of
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paths into and through the PTn is not completely known, however, and still does not
preclude the notion of diversion due to the PTn.

POTENTIAL FOR DIVERSION DUE TO NATURAL BARRIERS

Analytical Evaluation of a Potential Capillary Barrier
Analytical calculations can be made to evaluate the maximum potential for
lateral diversion due to capillary barriers, assuming idealistic physical conditions.
These calculations do not consider unsaturated flow phenomena such as fingering, or
the spatial distribution of heterogeneities that are likely to reduce diversion. This tool
is therefore useful to assess when lateral diversion is unlikely to occur, given a
specific set of hydraulic properties, and may help to ascertain the mechanisms
contributing to apparent flow conditions in the unsaturated zone.
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leading to lateral diversion of water at sloping interfaces. The analysis assumed rather
idealized conditions to allow for the computation of lateral diversion of water. To

describe media conductivity, Ross employed Gardner's (1958) equation for
conductivity:
(1)
K = Ke'
where K is unsaturated hydraulic conductivity, K is saturated hydraulic conductivity,

a is a pore-size distribution index, and
or maximum lateral diversion capacity
the applied vertical flux rate

(q)

is water potential. The total horizontal flow
Qmax)

and

is a function of K the angle of incline

a for each of the two media on either side

of the interface (Ross, 1990) with the lower layer indicated by *:
a

r

K
Qmax

tan

a

(q
HKS)

1

(q

KJ]

(2)

water in the capillary fringe down dip. This conceptualization diffuses the clarity of
the appropriate geometry or the most appropriate equation to use for calculations of
Qmax'

but supports the contention that either analytical calculation will serve as a

maximum potential diversion.
Several analyses were done to evaluate the maximum potential for lateral
diversion by using eq. 2 and 4 to calculate Qmax Given the mean measured properties
at this site, a 7 degree slope, the mean flux and range of fluxes, and the scale at which
the geometry of features exist, several potential conditions are evaluated to assess the
likelihood of any diversion extending beyond the dimensions of the potential
repository, approximately a maximum of 1000 m down dip. In the following sections
four issues will be considered for analysis:

Upper transitional zone: Could there be lateral diversion within the transition of the
CMW through the CNW: (1) what is the relation between number of layers used in
the representation of the gradational system (corresponding to degree of contrast
between adjacent layers) and the amount of diversion, (2) how high must the
saturated hydraulic conductivity be in the CMW to get appreciable diversion
(conductivity is correlated to the development of alteration in the CMW), and (3) how
low does the applied flux rate have to be for the given set of properties to predict
significant lateral diversion?

Historical scenario. Could the conditions suggested in the historical scenario have
sustained a capillary barrier in order to potentially result in the altered CMW, and

how do the results compare with calculations of the existing transition?

Hydrogeologic units of the PTn: Are there any contrasts in properties of the units
within the PTn that might produce lateral diversion?

Lower transitional zone: Is there a capillary barrier due to the position of the lower
transition of the moderately welded Topopah Spring Tuff over an assumed range of
fracture properties in TC?
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Upper transitional zone

The first analysis to evaluate if the CMW/CNW transition is effective in
promoting lateral diversion is set up to test if unrealistic contrasts in properties
imposed by typical model development will result in inadvertent diversion. Average
conditions and properties are used with a 9-rn thick unit that transitions from a
porosity of 0.14 to 0.38. Values

of K5

and a are correlated with porosity (see chapter

2) from measured data in order to provide realistic contrasts between the layers.
Hydraulic conductivities for 6 of the different porosities are shown in Figure 3-5a.
Equations 2 and 4 are used to compute maximum expected lateral diversion, Qax' On
the basis of an average flux of 5 nmVyr (0.00014 cmld), encountering between 2 and

12 layers (Table 3-1). Qmaxl uses eq. 2, which allows us to examine the relative
maximum each layer could divert. Qmax2 is based on eq. 4, assuming a limitation
imposed by the layer thickness violates the assumptions for eq. 2.

An assessment of the relation of number of laers to calculated "max shows that
-

even though the 2-layer system has the largest contrast in layer properties, the lower
hydraulic conductivity of the layer with a porosity of 0.14 layer limits the lateral

diversion (Table 3-1, Figure 3-Sb). The 3-layer system has a somewhat less but still
large contrast

between two of the layers but the higher hydraulic conductivity of

the layer with a porosity of 0.26 allows much more lateral diversion. Reducing the
contrast in

a and K5 by including additional layers reduces the diversion from this

maximum for Qmax 1.

in order to evaluate the sensitivity of the parameters and the relation of K5 and q
to Qmax" fluxes from 1 mnilyr to 20 rnnilyr were used to calculate
Qmax Figure 3-Sc
indicates that an optimum ratio of q to K5 of approximately 0.01 to 0.0001 results in
the highest

Qrnax

as possible in

(>2 cm2/d) for the given set of properties. While the largest contrast

a for the two layers will produce the highest Qrnax (Figure 3-5d), there

is an optimum K5 for the given set of properties in Table 3-1. For example, for a flux

of 5 mm/yr (0.00014 cmld) aj of near 0.1 cm/d results in the highest

Q.

Using the available analytical tools, we can also investigate diversion calculated
assuming the most idealistic geometry exists, which provides the highest possible
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calculated

Qmax.

When eq. 4 is used for Qmax2, which assumes the capillary fringe

exceeds the layer thickness, the calculation is not limited by the upper boundary flux
and the

Qrnax

is primarily a function of K, which is relatively high for more layers,

nor is there any breakthrough into a lower layer. The calculation of Qmax2 assumes

that the layer thickness is much less than (a cos

which is violated by most of the

layers which have a thickness that is between 3 and 90 percent of the calculation of

(a cos 41 There can be no direct comparison between Qmaxl and Qmax2, but they
provide bounds for high and low diversion, given the possible interpretations of the
physical system and the applicability of the assumptions.

To produce a more realistic set of Qmax values we scaled Qmaxi (multiplying by
layer thickness/air entry) to reflect the actual layer thickness that would provide a
saturated capillary fringe flowing laterally down dip. These resulting values are 20 to

50 percent lower than Qmaxl (Figure 3-5b). Regardless of the assumptions for the

calculations of Qm, they represent the highest realistic potential for lateral diversion
in this gradational unit transitioning from the welded rocks to the nonwelded rocks

(Table 3-1), and yet they show virtually no lateral diversion when the system is
discretized to include more than about 5 layers in 9 meters of thickness.
In eq. 3, Ross (1990) assumes that the pore size distribution index, a, provides
an estimate for the capillary fringe height, which is necessary for calculating
diversion length, L. The assumption of an infinite upper boundary distance is violated

for our purposes; estimates of L can be simplified by dividing Qmax 1, in cm2/d, by q,
in cm/day to attain L, in cm. These results are shown in Table 3-1, and indicate that
water is not diverted laterally distances that approach the dimensions of the potential
repository. The distances are insignificant when the system is discretized to include
more than 6 layers, but even the greatest distance of 166 m in the 3-layer system is
relatively inconsequential considering the scale of the repository.

Table 3-1. Calculations of lateral diversion potential and distance for a sloping
interface. A slope of 7 degrees is used with an applied flux of 5 mmlyr. Qmaxl is
diversion potential using eq. 2, Qmax2 uses eq. 3 for a layer with an upper boundary,
and L is calculated as Qmaxl divided by the applied flux.
Layer
thickness
a
Porosity (cm)
(1/cm)
2 layers
3 layers

4 layers

5 layers

6 layers

8 layers

10 layers

12 layers

0.14
v.38
0.14
0.26
0.38
0.14
0.22
0.30
0.38
0.14
0.20
0.26
0.32
0.38
0.14
0.19
0.24
0.28
0.33
0.38
0.14
0.17
0.21
0.24
0.28
0.31
0.35
0.38
0.14
0.17
0.19
0.22
0.25
0.27
0.30
0.33
0.35
0.38
0.14
0.16
0.18
0.21
0.23
0.25
0.27
0.29
0.31
0.34

Qmaxl
Qmax2
Air
K5
per layer Total per layer Total
entry
(cm) (cm/d)

450

0.0004 2278

0.001

'jv

u.ui4

ov

L.O69

300
300
300
225
225
225
225
180

0.0004
0.0018
0.0124
0.0004
0.0009
0.0035
0.0124
0.0004
0.0007
0.0018
0.0049
0.0124
0.0004
0.0006
0.0012
0.0027
0.0059
0.0124
0.0004
0.0005
0.0008
0.0013
0.0024
0.0042
0.0074
0.0124
0.0004
0.0005
0.0006
0.0009
0.0014
0.0022
0.0035
0.0055
0.0083
0.0124
0.0004
0.0005
0.0006
0.0008
0.0010
0.001
0.0021
0.0031
0.0045
0.0064

2278
567

323

0.001
0.128
2.069
0.001
0.038
0.366
2.069
0.001
0.019
0.128
0.587
2.069
0.001
0.012
0.063
0.245
0.769
2.069
0.001
0.007
0.025
0.078
0.205
0.481
1.034
2.069
0.001
0.005
0.015
0.038
0.087
0.185
0.366
0.683
1.214
2.069
0.001
0.004
0.010
0.023
0.048
0.094
0.173
0.306
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Historical scenario

In order to evaluate a historical scenario prior to the extensive mineral alteration
of the base of the Tiva Canyon Tuff, a surrogate set of properties is considered. The
top of the Tiva Canyon Tuff has a somewhat parallel development to that of the
bottom, with similar welding due to cooling rate, and vapor-phase corrosion
influencing the porosity. While the upper portion is crystal-rich, rather than crystal
poor, there are similarities in hydrologic properties (chapter 1). If the properties of the

crystal-rich moderately welded rock (a= 0.0012

cm1, K

= 0.138 cm/d) are used to

overly the CNW, the Qm is 46 cm2/d compared to 0.24 cm2/d in the existing
This suggests that capillary conditions are viable to creating saturated conditions
conducive to mineral alteration in vitric rocks. Once the minerals are altered then the
rocks maintain high saturation due to moisture-retention characteristics.
This evaluation provides credence to the early conceptual models that were based

on minimal rock property data and general lithostratigraphic descriptions. It wasn't
until detailed information, including measurements of the properties and mineral
alteration of the gradational transition, was available, did this conceptual model lose
its viability.
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Table 3-2. Mean values and standard deviations for measured core properties,
compiled from all boreholes for each hydrogeologic unit.
{N, number of samples; MPa, megapascals; F/rn, fractures per meter; v/v,
dimensionless volume; SD, standard deviation]

Saturated
hydraulic
Porosity
Saturation N
conductivity
(v/v)
(m/s)
Mean SD Mean SD
Geometric SD
mean
CW
0.08 0.03 0.80 0.14 616 5.7E-12 3.4E-1l
CMW
0.20 0.05 0.91 0.13 96 1.8E-10 1.3E-07
CNW
0.39 0.07 0.69 0.24 105 l.2B-08 1.1E-05
BT4
0.44 0.12 0.51 0.20 34 5.8E-07 2.1E-03
TPY
0.27 0.09 0.64 0.23 48 l.6E-07 7.8E-06
BT3
0.41 0.08 0.53 0.16 87 5.4E-07 1.4E-06
TPP
0.50 0.04 0.36 0.13 166 9.3E-07 4.4E-07
BT2
0.49 0.10 0.39 0.15 177 2.2E-06 9.4E-06
TC
0.05 0.04 0.63 0.17 72 1.6E-09 2.6E-07
* Parameters were derived using van Genuchten (1980).

Hydrogeologic
unit

Moisture-retention
curve-fit parameters * Fracture
N
cx
n
m Ndensity
(lIMP a)
(F/rn)

2.8
0.3
10
96.2
4 53.3
3 162.6
17
93.2
11
47.2
21 51.4
16
5

5

1.5

1.20
1.35
1.19
1.21
1.25
1.16
1.36
1.23
1.27

0.17
0.26
0.16
0.18
0.20
0.14
0.26
0.19
0.21

5.0
1.0
0.5
0.5

9
3

6

7

7

1.0
0.5
1.0
0.5

3

25.0

3
5

2

Hydrogeologic units of the PTh

Early conceptual models also suggested that lateral diversion occurred within the
layers of the PTn due to the apparent linearity of the contacts over long distances. It

was assumed that the properties were similar spatially within the units as the
deterministic depositional processes governed their features (Rautman and Flint,

1992; Istok et al., 1994; Flint et al., 1996). Mean properties for the nonwelded ashfall and bedded tuff layers in the PTn are relatively similar, but with large variability
over the site (Table 3-2). This spatial variability was confirmed by Istok et al. (1994),

Moyer et al. (1996), and Flint (1998, Table 8). Generally the units within individual
boreholes, due to the nature of the depositional process, do not have abrupt changes in
properties (Figure 3-4). However, calculations could be made using the specific
properties for any given borehole and get widely variable results. Calculated lateral
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diversion,

Qmax,

from the mean values results in about 4 cm2/d for the contrast

between BT4 and TPY and no diversion for the contrasts between the other adjacent
units, even within the ranges of their variance. (The TPY only exists north of the
potential repository location and thus is not very relevant to the consideration of
lateral diversion above the repository.) The key here is that the lateral variability
between boreholes is high enough that lateral diversion is very unlikely to extend any
distance within the PTn units. This is particularly evident on the basis of the
fracturing in the units (Table 3-2), and faults that result in small offsets that interrupt
the linear continuity (Heiberger, 1996). The fracture density for the PTn
hydrogeologic units is 1 fracture every 1 to 2 meters, and while these fractures are not
likely to result in offsets creating contrasts in properties, they are likely to conduct
water faster than the matrix. The consequences of the faults that break the PTn is
evident on the basis of numerous measurements of bomb-pulse chlorine-36 in the
ESF (Fabryka-Martin et al., 1997). These measurements indicate that, not only are
there breaks in the PTn, but that continuous fracture paths extend from the surface

through the PTn to the ESF in many locations. The presence of bomb-pulse chlorine36 indicates the presence of water that is less than approximately 50 years in age,
inferring that a fast path for the water to percolate through the PTn must exist. The

frequent spacing of these bornb-puls chiorin-36 riiasUrements in the ESF supports
the conceptual model of the PTn, which notes that it is broken by faults and does not

have the lateral continuity necessary for large-scale diversion.
One approach to analyzing the variability within the units, and therefore the
varying contrasts between the layers, is to stochastically distribute the properties

within each unit using the mean and variation for each unit, and then evaluate the
range in contrasts at the boundaries between units. Modeling exercises have
investigated diversion using this approach with resulting declines in diversion in
comparison to a simple layered approach to distributing the properties (Ho and Webb,
1998; Altman et al., 1995).
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Table 3-3. Properties for calculation of lateral diversion potential and
length of lower Paintbrush Tuff nonwelded transition into Topopah
Spring Tuff welded rocks.
{K, saturated hydraulic conductivity; Qmax' diversion potential; L,
length; v/v, dimensionless volume; cm, centimeters; m, meters]

vitrictuff

Matrix
porosity

Fracture
aperture*

(v/v)

(microns)

0.2

fractures

25

vltnc tuff
fractures
vitric tuff
fractures
vitric luff
fractures

vitric luff
fractures
vitric tuff

0.2
125
0.1

25
0.1

125

0.05
25

Lfcti!iJ

0.05
125

a

K

(1/cm)
0.0007
0.0248
0.0007
0.1482
0.0004
0.0248
0.0004
0.1482
0.0004
0.0248
0.0004
0.1482

(cm/d)

S

Air entry
of matrix
(cm)

Total
"

max

L

(cm2/d)

(m)

2.8

207

1.9E-02

1423

l.8E-02

40

1.9E-02
2.7E-01

1423
7

3.2

230

l.2E-04

2465
40
2465

0

0

0

0

0

0

0

0

1.8E-02

l.2E-04
2.7E-01
7.2E-07

7

l.8E-02
7.2E-07

2499
40
2499

2.7E-01

7

properties from Kwicldis and Healy (1993)

Lower transitional zone
The base of the PTn is the final avenue for lateral diversion above the potential

repository horizon. This transition ranges from a porosity of about 0.4 to a porosity of
0.05 or less over a distance of about 1-2 m. The porosity transition within the BT2 is
smooth, however, the contact with the vitrophyre, TC, which has many very small to
relatively large fractures, is very abrupt. The analysis, in this case, is not as in the

transitional example, but considers 2-layer scenarios. Properties for fractures of
specific apertures were modeled by Kwicklis and Healy (1993) and are used in this

analysis. To derive a values for the calculations, a correlation of a using Gardner
(1958) and a from van Genuchten (1980) were made on the basis of 18 samples from
those used to calculate the mean values in Table 3-2, and representing the range of
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units from welded to nonwelded for which curve-fit parameters were estimated using
both equations. The correlation had an R2 of 0.89.
Properties for nonwelded tuff of 3 porosities were used overlying fractures of 2

apertures (Table 3-3). As the contrast between a is high for all sets of layers, the K is
the limiting factor in the upper layer for the 0.1- and 0.05-porosity rocks. The layers
with porosities of 0.05 and 0.1 have zero diversion length and no diversion capacity,
while the layer with a porosity of 0.2 has a potential diversion of greater than 200 m.
The difference in fracture aperture makes little difference in the calculation of Qmax or
L. These results show the importance of accurately representing the upper layer
properties in the calculation of lateral diversion at this transitional boundary. They
support the contention that lateral diversion, due to a capillary barrier in this

transitional zone, is insignificant when the system geometry is realistically
represented.

Evaluation of Large-scale Lateral Diversion
Large-scale water flow processes can be investigated using measurements of
rock samples collected from surface-based boreholes or subsurface excavations, or
monitoring of moisture conditions in deep boreholes within subsurface excavations.
These measurements represent vertically and laterally integrated subsurface

conditions (Flint et al., 2002b), and assist in the evaluation of processes operating at
the scale of the potential repository. The analyses of these data lend evidence of
generally vertical flow through the PTn, whether via fast paths or through the matrix.
These processes do not reduce the amount of water percolating through the repository
horizon.

Subsurface collection of in-situ water potential data
In order to evaluate large-scale lateral diversion, Darcy' s law was used to
calculate the lateral flux down slope between two boreholes drilled vertically
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penetrating the PTn and the upper rocks of the welded Topopah Spring Tuff. This
method uses estimates or measurements of hydraulic conductivity of the rock at its
prevailing state of water potential or saturation, in combination with estimates of the
hydraulic-head gradient, to directly calculate percolation flux using Darcy's law. Two
alcoves were mined into the wall of the north ramp of the Exploratory Studies Facility
(ESF)(Figure 3-1), 770 m apart. The west-dipping north ramp slopes downward
through all units of the PTn. Boreholes were drilled in the floor of each alcove and
instrumented with heat dissipation probes (Flint et al., 2002a) located to measure the
matric potential in the various nonwelded and bedded tuffs. Hydraulic properties were
measured on samples collected from the boreholes during drilling.
Volumetric water content was determined with neutron moisture meters and
laboratory measurements of core, and the first 5-14 m of the two boreholes showed

the effects of evaporation due to ventilation in the drift. Flux was calculated using
matric potential measurements deeper in the boreholes away from this influence,
following equilibration for over a year. Flux was calculated to be downward in the

boreholes at rates of approximately 8-15 mm/yr in the nonwelded PTn, and
approximately 1 mm/yr in the underlying Topopah Spring Tuff densely welded rocks.
These flux estimates suggest that a significant portion of the flux through the PTn is
either laterally diverted, or converted to fracture flow and therefore not influencing
the matric potential of the rock matrix when it reaches the more welded unit below.
Calculations of flux along the 6.5-degree slope between the two bOrehOles rëulted in

less than 1 nmi]yr down dip flux in either the base of the PTn or in the welded top of
the Topopah Spring Tuff, supporting the suggestion that most of the water is
converted to fracture flow once it penetrates the welded rocks. The uncertainties in
this approach include those encountered in the measurement of hydraulic
conductivities for samples with low saturations, and the calculated fluxes are accurate

only within an order of magnitude. Nevertheless, it provides strong indication of a
lack of significant lateral diversion down dip over this distance of 700 m. It also

provides support for the interpretation of the 1-dimensional model results (Kwicklis
et al., 1994) that suggest that local spreading occurs in the PTn in locations of
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Figure 3-6. Comparison of estimated net infiltration at ground surface with water
potential measured subsurface in the Cross Drift.

concentrated surface runoff or high net infiltration rather than extensive lateral
diversion.
A larger-scale evaluation of subsurface distribution of moisture can be used to
assess the likelihood of lateral diversion due to the PTn. A comparison of measured
matric potential in the Cross Drift (Figure 3-1) with modeled surface net infiltration
(Figure 3-6) illustrates the apparent lack of significant diversion. Net infiltration is

that portion of water that crosses the air-surface interface that penetrates deeper than
plant roots and evaporation processes, and therefore may be assumed to equal
percolation flux within the unsaturated zone. Net infiltration is modeled using a
water-balance approach, detailed measurements of distributed precipitation,
evapotranspiration, and soil and rock water content and properties (Flint et al., 2000).
The highest infiltration rate over the ESF is in the PTn where it is exposed at the
ground surface on the west side of Yucca Mountain (Figure 3-2). Further west of the

exposure of the PTn the infiltration rate ranges from approximately I to 10 mmlyr
and enters the mountain directly in the Topopah Spring Tuff. This yields a rock

matric potential in the ESF at approximately station 2450 to 2700 of slightly higher
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than 0.1 MPa (Figure 3-6). In this case, as there is no overlying PTn, there is no
potential for lateral diversion. The modeled infiltration flux exceeds the saturated
hydraulic conductivity of the tuff matrix therefore fracture flow is dominant, and the
small fracture/matrix interaction [estimated to be

0.01 percent of the total contact

area by Sonnenthal and Bodvarsson (1999)], and matrix hysteresis does not allow the

matrix to come into potential equilibrium with the fractures. This analysis does
assume the wetter rock matrix is associated with greater flux through the fracture
network. There are many subtleties in Figure 6 that, when evaluated further, may give
us additional insight into the large-scale mechanisms responsible for subsurface

flow.

One such subtlety is a shift between lower infiltration (<1 mm/yr) at station 2150 m,
which may correspond with the drier rock (> -0.1 MPa) at 1700 m. If the assumption
of wetter rock matrix corresponding to greater subsurface

flux is

correct, this may

denote lateral diversion of water that infiltrates above station 1700 down dip, and no
diversion of the water that infiltrates to the west of station 2200, thus no flux enters

the Topopah Spring Tuff above station 1700. The higher infiltration of>10 mmiyr
near station 1700 may correspond to the wetter rock at station 1300. This shift may be
due to a 500-600 m of lateral diversion. The overall trend, however, particularly from
0 to 1000 m, shows drier rock under lower infiltration and wetter rock under higher
infiltratiOn, suggesting little lateral diversion. There is little or no infiltration west of

the end of the Cross Drift because of thick alluvial deposits so the oniy water
available is water from directly above, further supporting the argument against lateral
diversion caused by the PTn.

Estimates

ofpercolation flux in

Topopah

Spring Tuff

There are additional lines of evidence supporting vertical
In an evaluation of large-scale

flux

flow

through the PTn.

processes, if there is a relative similarity between

estimates of net infiltration at the ground surface and percolation flux in or below the
PTn, it is assumed that the PTn is not diverting a significant portion of the percolation
water that would ordinarily flow downward through the repository horizon.
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Figure 3-7. Percolation flux simulated from net infiltration model and estimated
to simulate measured temperature profiles in several boreholes.

In an analysis of methods used to estimate recharge or percolation flux at Yucca
Mountain, Flint et all. (2002b) describe and show a temperature profile analysis for

two boreholes. The temperature profile for a borehole is simulated numerically using
measured thennal properties, average aimual ground-surface temperatures estimated
for each borehole, and measured temperature of the groundwater in the upper part of

the saturated zone. The percolation flux for the model is varied to optimize the fit
between the measured and simulated temperature profiles. These analyses, conducted
on that portion of the borehole below the PTn, indicate a high flux (approximately 10
mm/yr) directly under the crest of Yucca Mountain for one borehole and indicates a

lower flux of less than 1 mmlyr for the borehole to the east of the crest in a wash.
These estimates reasonably match the values estimated from the modeled net
infiltration for those locations and are shown along with results from eight additional
borehole analyses in Figure 3-7. The estimates of flux generated from modeling

temperature profiles somewhat underestimate the flux predicted from the net

infiltration model but are on the same order of magnitude, supporting the similarity in
surface and subsurface fluxes.

Estimates of average percolation rate through the unsaturated zone have also
been made using pore-water chloride (Cl) concentrations and the chloride-mass-

balance method. This method assumes that the flux of Cl deposited at the surface
equals the flux of Cl carried through the unsaturated zone by infiltrating water

(Fabryka-Martin et al., 1994). Percolation rates, I, are estimated from measured Cl
concentration using the relationship, I = (P C0)/C, where P is average annual
precipitation,

C0

is the effective average Cl concentration in precipitation, including

the contribution from dry fallout, and C. is the measured Cl concentration in
subsurface water. The highest percolation rates (4-10 nmilyr) are estimated from data
collected in the ESF and the Cross Drift that occur beneath areas with negligible soil
cover, such as the ridgetops and sideslopes, which is confirmed by surface estimates
of net infiltration

flux

rate (Figure 3-8). The lowest percolation rates (0-1 mmlyr) are

estimated from samples collected from boreholes in washes with thick alluvium. The
flux

estimates are from net infiltration simulated on the basis of 30-rn grid cells, and

in order to capture the increase in scale necessary to compare the surface infiltration

with percolation flux in the PTn or Topopah Spring Tuft', the bounds in Figure 3-8
represent the range of net infiltration flux over an area surrounding the böthOl
location of approximately 200 m in diameter. The samples were collected from the

PTn in all of the boreholes and in the North and South Ramps of the ESF, and from
the Topopah Spring Tuff in the Main Drift and Cross Drift of the ESF. Estimates of

percolation within the PTn that are in the same order of magnitude as those estimated
at the ground surface specifically support a lack of diversion due to the upper
transition from welded to nonwelded rocks. The calculations of percolation flux using
samples from the Topopah Spring Tuff of the repository horizon are also of the same
magnitude as that simulated at the surface. The majority of the measurements and

calculations of flux in the subsurface using the temperature simulations and CMB
calculations support the surface estimates of net infiltration and generally negate a
substantial influence of the PTn in diverting water from the repository horizon.
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Figure 3-8. Flux calculated using the chloride-mass-balance (CMB) method for
12 boreholes and locations in the Exploratory Studies Facility (ESF) and Cross
Drift. All samples are from the PTn except for those from the ESF Main Drift
and the Cross Drift, which are Topopah Spring Tuff.

SUMMARY AND CONCLUSIONS
On the basis of the field data, interpretations and calculations above, it seems
clear that the early conceptual models of lateral diversion at Yucca Mountain did not
take into consideration the scale at which the mechanisms responsible for lateral
diversion operate in a natural system. Nor did they consider the range in surface

fluxes possible due to surface heterogeneities. Neither data nor field observations
corroborate the existence of lateral diversion caused by a barrier effect at the bottom

of the Tiva Canyon Tuff however, observations on the basis of boreholes samples of
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nearly saturated conditions abruptly declining to less than 50 percent saturation

supports the possibility of localized barrier effects (Flint et al., 2001b). The current
conceptual model of flow through the PTn describes flow as vertical and slow
through the PTn matrix, but there possibly may be local-scale lateral diversion at
linear contacts or above low-permeability layers.

Support of Conceptual Model from Calculations
Calculations of the potential for lateral diversion potential do not support
significant volumes of diverted water even on the basis of an idealistic representation
using mean layer properties. The volume of diverted water is insignificant, and
idealized calculations of the maximum lateral distance that water could be diverted is
less than 200 m if system discretization is coarse, and less than 10 m if discretization
is fine. None of these estimates approach the down-dip dimensions of the potential
repository, which is approximately 1000 m. The volumes of diverted water are likely
to be even lower when the spatial variability of the properties is considered, as well as
the presence of fractures and faults within the hydrogeologic units of the PTn.

Additional calculations using Darcy's law made from point data of subsurface water
potentials support downward flux in the PTn, but suggest that lateral flow over a 700m distance is less than 1 mnilyr in an area where the overall flux is >5 mm/yr.
These analyses suggest that lateral diversion due to barriers is a small-scale
process and under natural conditions is very unlikely to occur on a large scale,
especially in volcanic environments where local heterogeneities, faulting, and
fractures predominate. Even apparently uniform ash-flow and ash-fall units have a
spatial distribution of hydraulic properties that result in a range of contrasts between
adjacent units that limit large-scale capillary barrier mechanisms and permeability
barriers to local effects. Because the estimates of diversion are very sensitive to the
properties used in calculations of diversion due to a capillary barrier, in order to
accurately represent and predict these effects, the details of the features and properties

are necessary. An alternative approach is to stochastically represent the distribution of
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properties from the mean values and the variance, and then estimate the range of
diversion possible from numerical models.

Evidence for the Lack of Large-scale Lateral Diversion due to PTn
The evaluation of the unsaturated zone at Yucca Mountain has been done using
methodologies that represent various spatial scales (Flint et al., 2002b). Estimates of

percolation flux in the Topopah Spring Tuff and other rocks deeper than the PTn
generally represent large-scale estimates of flux integrated over large vertical
distances. If the early conceptual models of lateral diversion due to the barrier

mechanisms imposed by the PTn were correct then water would be diverted laterally
above the repository horizon in the Topopah Spring Tuff and the percolation fluxes
would be small in comparison to the fluxes at the ground surface.

An analysis of the distribution of matrix potential in the Cross Drift indicated a
general correlation of zones with less negative matric potential and zones with
estimates of high net infiltration at the surface. Zones with a more negative matric

potential, indicating drier rock, generally corresponded to lower net infiltration rates.
Comparisons of percolation flux estimates using ambient temperatures of deep

b'-'-'

1

-d
i

aiuIaL1u1I

.-'4 4
uSiii
U4 ui1ecLe
tu
-.

subsurface in or at depths greater than the PTn, with estimates of surface net
infiltration, illustrated similar magnitudes of flux at the surface and below the PTn.
These observations support the lack of large-scale diversion due to the PTn.
There is no one approach, analysis, or data set that provides the necessary

support to refute or claim that lateral diversion occurs above the repository horizon at
Yucca Mountain. The combination of analyses and data interpretations of various
scales provides evidence to conclude that lateral diversion probably occurs in

localized areas, perhaps on the order of meters. However, in addition to the data
analyses presented, several other observations provide support for a lack of largescale diversion. These observations include the spatial variability of matrix properties,

which results in discontinuous contrasts at unit interfaces, and the pervasive presence
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of fractures that obviate the entire capillary barrier process. Diversion is necessarily
limited in distance along unit interfaces to the extent that fractures occur in the PTn,
or in the rocks above and below the PTn. Although lateral diversion above the
repository horizon may occur due to permeability barriers at the top and the base of
the PTn, the analyses presented that represent large-scale processes provide the same
support for generally downward flow. As a result, it would be imprudent to rely on
significant lateral diversion to maintain a dry subsurface or reduce the downward
percolation of water through the repository horizon.
There are several obvious gaps in the detailed knowledge of information at
Yucca Mountain that would be prudent to fill were these processes to be
unequivocally assessed. Properties of the fractures at the transitions from welded to
nonwelded rocks at the top of the PTn, as well as the transition from the PTn into the

TSw are unknown. It is not known what the distribution of apertures is, or how
pervasive the fracture filling is for these locations. An assessment of the lateral

heterogeneity of the properties of the PTn was begun and described in istok et al.
(1994), but did not provide enough details to assess the variability in contrast of
hydraulic properties between layers from an analytical perspective, and did not
address the distribution of fractures penetrating the upper part of the potential barrier
at the top of the PTn.

The potential for lateral diversion in natural environments is critical to the

understanding of moisture flux and distribution that is required by many scientific
investigations, and the application of concepts developed at this site should be broad.

The existing state-of-the-knowledge for adequate representation of water flow
mechanisms in complex and heterogeneous systems such as fractured rock is nowhere

near complete. Theoretical analyses should be pursued to provide accurate and
reproducible analytical solutions representing the hydraulic processes in fractured

rock, fracture/matrix interaction, and transitions into layers with few fractures. The
studies at Yucca Mountain have produced volumes of information, data, and
observations to apply to the development of the basic theory and numerical
representation of these processes. Although numerical models can be used to further
evaluate the role of variable fluxes and the presence of fractures, analytical tools
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should be developed to address the theory of the transition from matrix flow to
fracture flow and subsequent transition from capillary barriers to permeability
barriers.
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Summary
Characterization of the hydrologic properties of vastly heterogeneous volcanic
tuffs, such as those found at Yucca Mountain, requires an understanding of the
deterministic processes that resulted in the various rock types. The depositional
history of the rocks results in large vertical contrasts in the properties of the
lithostratigraphic layers that influence the distribution and flow of water in the
unsaturated zone. As shown in the present study, it is necessary to evaluate the details
of the properties on a relatively small scale in order to understand the mechanisms
responsible for the distribution and flow of water in the unsaturated zone.

In this dissertation an approach was presented that provided a logical iterative
method for dividing the array of rock types into hydrogeologic units with unique
hydrologic properties. The units are divided on the basis of lithostratigraphy, porosity,
saturated hydraulic conductivity, and moisture-retention characteristics. The most
useful property for characterization of individual hydrogeologic units was porosity. In
addition to total porosity, effective porosity was evaluated. Effective porosity was
calculated as the porosity in the rock once water is removed by oven drying at

elevated relative humidity, approximately 70 MPa. This removes the water from the
flow channels, and maintains the water in the altered minerals. Effective porosity
correlates well to flow properties and, when subtracted from total porosity, provides
an estimate of the degree of mineral alteration. Mineral alteration, in turn, reduces the
conductivity of the rock, and increases its water-retention properties. Effective
porosity is therefore a useful tool for distinguishing differences in rock properties that
relate to the distribution of water in the unsaturated zone.
Porosity can be related to large-scale and small-scale depositional features of the
rocks, such as degree of welding and crystallization, as well as the amount and type

of mineral alteration. Therefore, porosity can be used to spatially distribute the
hydrologic properties as the depositional features are deterministically distributed in
space. A simple log-log relationship of effective porosity to saturated hydraulic
conductivity and water-retention curve-fit parameters can be used to predict those

properties with relatively good results for locations where porosity is measured, or
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where it is assumed on the basis of lithostratigraphy. It is particularly useful for
prediction of hydraulic properties in locations where sampling is sparse, but
transitions in the magnitude of porosity occur deterministically with depth. The
simplification of the approach to use oniy effective porosity as a surrogate for these
volcanic rocks, providing estimates of hydraulic properties that extend over many

orders of magnitude, and consist of a range of types of hydraulic character, is a valid
consideration when presented with a site with the extent of heterogeneity in properties
as is found at Yucca Mountain.

One of the reasons this site was chosen for investigation as a potential repository
was the potential for natural barriers to serve in diverting water laterally above the
potential repository thus reducing the subsurface percolation of water through the
waste storage area. Lateral diversion of water above the repository horizon has
persisted in the conceptual and numerical models of flow at this site, and little
evidence has been shown to challenge those concepts. The detailed characterization
of hydraulic properties at Yucca Mountain has provided the means to evaluate the

potential for lateral diversion at this site. On the basis of analytical calculations and
field data presented in this dissertation, as well as the recognition of the generally
close spacing of fractures, which obviate the capillary barrier process, it is relatively

clear that lateral diversion is a small-cale process in this environment. There is no
one approach, analysis, or data set that provides the necessary support to refute or
claim that lateral diversion occurs above the repository horizon at Yucca Mountain.
However, the large-scale diversion constituting the natural hydraulic barrier required
by the conceptual models to maintain a relatively dry subsurface for waste
containment is not supported by several avenues of analysis. The combination of
analyses and data interpretations of various scales provides evidence to conclude that
lateral diversion probably occurs in localized areas. The evidence suggests, however,

that it would be imprudent to rely on significant lateral diversion to maintain a dry
subsurface or reduce the downward percolation of water through the repository
horizon.

Detailed characterization of hydrologic properties and the corresponding
understanding of the depositional history of the rocks are necessary tools for
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developing conceptual models of the mechanisms responsible for flow in the
unsaturated zone at heterogeneous sites. Mechanisms such as lateral diversion are
critical to the understanding of moisture flux and distribution that is required by many

scientific investigations, and the application of concepts developed at this site should
be broad. The existing state-of-the-knowledge for adequate representation of water
flow mechanisms in complex and heterogeneous systems such as fractured rock is
nowhere near complete. Site characterization on the basis of hydrologic properties
provides many tools to assist in the understanding of these processes, but many of the
analyses remain empirical. The further development of theoretical tools and
numerical modeling techniques to adequately explain data and observations in
inplex
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ABSTRACT
A database of physical and hydraulic properties of 5,320 core samples was
developed for rocks in the unsaturated zone at Yucca Mountain, Nevada, a site under
consideration as a geologic repository for high-level radioactive waste.
Hydrogeologic units have been characterized in the unsaturated zone (Flint, 1998)
representing rocks with ranges of welding, lithophysae, and high and low temperature
alteration, due to depositional, cooling, and alterational history of the

lithostratigaphic layers. Physical properties of bulk density, porosity, and particle
density; hydraulic properties of saturated hydraulic conductivity and moistureretention characteristics; and field water content, were measured on samples and
compiled for each unit. The database includes samples collected from the coring of 23
shallow (< 100 m) and 10 deep (500

1,000 m) boreholes, described

lithostratigraphy, hydrogeologic unit, and corresponding properties for each sample.
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hydrogeology, which has characteristics not untypical of much of the central
southwestern deserts of the United States.

INTRODUCTION
Characterization of physical and hydrologic properties of subsurface materials is
critical to the evaluation of sites for land-use practices such as landfills, radioactive
waste burial, regeneration of deforested sites, and agriculture. These practices all have

in common the need to understand subsurface hydrology in terms of the water
balance of the system and transport of chemicals through subsurface horizons,

whether saturated or unsaturated. Predictions of water flow and contaminant transport
pathways and flux rates are major issues facing many land managers and
environmental researchers and often require the use of numerical models. These
models generally require input of parameters describing physical and flow properties
of the media, geometry of the modeling domain, and initial and boundary conditions.
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The purpose of this report is to describe a dataset available on the attached CD in

two spreadsheets (Flint-Core properties.xls and Flint-Moisture retention.xls), with
details of the sample collection methods, laboratory methods used to measure the
physical and hydraulic properties required to make use of these data. These data
appear to provide the most comprehensive, quality-controlled information on the
hydrogeologic character of a sequential welded tuff environment, and therefore may
be valuable for a range of studies of this environmental setting. When characterizing
matrix properties, one attempts to describe the heterogeneous rocks with features of
various scales. For the purpose of numerical modeling on all scales, the measurement
of matrix properties describes small, centimeter-scale features, but the description of
hydrogeologic units is based on much larger scale features, such as bulk permeability.
Scale differences are attributed mainly to the presence of fractures that vary from less
than a micrometer to hundreds of micrometers in aperture, and may or may not be
stratibound (not extending across lithostratigraphic unit boundaries). This study is
based on the measurements of rock properties from 7-centimeter (cm)-diameter core
samples collected at approximately 0.3-rn intervals during the drilling of boreholes.
Thus, it is limited to features and properties that can be captured within relatively
small-scale samples. Many properties that characterize the matrix of the rock unit are
adequately represented by analyses on this scale (McKenna and Rautman, 1996), but
even this scale of core sample has heterogeneities that may be captured or omitted in
the sampling or measurement phases. Alteration, microfractures, and even porosity
occur variably within the rocks at the core scale. Some matrix properties are
indicative of larger scale features such as the increase in matrix porosity that is
measured in lithophysal zones. On the other hand, many larger scale processes and
features such as the bulk properties of lithophysal cavities, fractures, and faults will
not be adequately represented.
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and is underlain by a thick sequence of volcanic rocks of Miocene age with numerous
variations in lithostratigraphy and orientation of the layered Tertiary volcanic

sequence (Scott and Bonk, 1984; Buesch et al., 1996). The processes of eruption and
deposition, including the cooling and crystallization of some deposits, and the postdepositional processes of alteration and tectonics, all contribute to the distribution of
volcanic rock types and corresponding properties. Lithostratigraphic units are based
on depositional, welding, crystallization, vapor-phase corrosion, alteration, and
fracture characteristics (Buesch et al., 1996; Moyer and Geslin, 1995), as well as
variations in hydrologic properties such as bulk density, grain density, porosity, and

permeability (Scott et al., 1983; Moyer et aL, 1996). These properties correlate well
in many cases with lithostratigraphic features such as welding, crystallization, and
mineralogy (Flint, 1998; Moyer et al., 1996).
Glass has been altered to clays and zeolites in several locations where lithologic
transitions have caused high saturations, where there was an ancient water table or
perched water zone, where weathering following deposition has produced alteration,
or locally in welded tuffs during cooling (Broxton et al., 1987; Bish and Aronson,
1993; Buesch et al., 1995; Levy et al., 1996). Alteration of glass to clays and zeolites
typically occurs where porosity is relatively high and water is present for long enough
periods of time to provide the necessary reactions. Glass that crystallized at high
temperature forms relatively low porosity rocks in which the feldspars can only alter
to clays, zeolites, and analcine under high-temperature hydrothermal conditions (Bish
and Aronson, 1995). The dominant low-temperature alteration products at Yucca
Mountain are smectite, zeolites clinoptilolite and mordenite, and locally, opal (Bish
and Chipera, 1989). In the upper, crystal-rich zones of both of the major pyroclastic
flow units, varying degrees of vapor-phase corrosion and alteration have occurred that

also change the properties with depth (Table A-i).
Descriptions of lithostratigraphic units (Geslin et al., 1995; Geslin and Moyer,
1995; Moyer and Geslin, 1995; Moyer et al., 1995; Buesch et al., 1996; Engstrom and

Rautman, 1996; Rautman and Engstrom, 1996a, 1996b) are on the basis of a
nomenclature system developed by Buesch et al., (1996). The properties measured
during this study were used to develop distinct hydrogeologic units with associated
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Table A-l. Generalized lithostratigraphy (Buesch et al., 1996), corresponding major
units (Montazer and Wilson, 1984), and detailed hydrogeologic units at Yucca Mountain
Nevada [<, less than;> greater than; %, percentage of matrix porosity]
Currently Used Formal and
Informal Nomenclature
PAINTBRUSH GROUP
Tiva Canyon Tuff (Tpc)
crystal-rich member (Tper)
vitric zone (rv)
nonlithophysal zone (rn)
subvitrophyre transition subzone (m4)
pumice-poor subzone (rn3)
mixed pumice subzone (m2)
crystal transition subzone (ml)
lithophysal zone (rl)
crystal-poor member (Tpcp)
upper lithophysal zone (pul)
middle nonlithophysal zone (pmn)
lower lithophysal zone (p11)
lower nonlithophysal zone (pin)
hackly subzone (pinh)
columnar subzone (pinc)
argillic pumice interval (pinc2)
vitric zone (pv)
densely welded subzone (pv3v)
moderately welded subzone (pv2)
non- to partially welded subzorie (pvl)
Pre-Tiva Canyon Tuff bedded tuff (Tpbt4)
Yucca Mountain Tuff(Tpy)
Pre-Yucca Mountain luff bedded tuff (Tpbt3)

Pah Canyon Tuff (lpp)
Pre-Pah Canyon Tuff bedded tuff (Tpbt2)
Topopah Spring Tuff (Tpt)
crystal-rich member (Tptr)
vitric zone (rv)
nonwelded subzone (rv3)
moderately welded subzone (rv2)
densely welded subzone (rvl)
nonlithophysal zone (m)
dense subzone (m3)
vapor-phase corroded subzone (rn2)
lithophysal zone (ri)
crystal-poor member (Tptp)
upper lithophysal zone (pul)
middle nonlithophysal zone (pmn)
lower lithophysal zone (p11)
lower nonlithophysal zone (pin)
vitric zone (pv)
densely welded subzone (pv3)
moderately welded subzone (pv2)

nonwelded subzone (pvl)
Pre-Topopah Spring luff bedded tuff (Tpbtl)

Hydrogeologic Units
Detailed

MaiQi

Tiva
Canyon
welded
(TCw)
CCR ( 9%)
CUC (> 9%)

CUL (<20%)
CW

CMW (> 15%)

CNW (>28%)
Paintbrush
nonwelded
(PTn)

BT4

TPY(< 30%)
BT3

TPP
BT2

TC (< 9%)

TR

Topopah
Spring
welded
(TSw)

TUL

TMN
TLL

TM2 (upper 2/3), TM] (lower 1/3)
PV3
PV2

BT]a (altered)
BT] (unaltered)

Calico Hills
(CHn)
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Table A-i. (continued)
Cunently Used Formal and
Informal Nomenclature
CALICO HILLS FORMATION (Tac)
Unit 4 Puniiceous pyroclastic flow
Unit 3 Lithic-rich pyroclastic flow
Unit 2 Pumiceous pyroclastic flow
Unit 1 Lithic-rich pyroclastic flow
Bedded tuff(Tacbt)
Basal sandstone (Tacbs)
CRATER FLAT GROUP
Prow Pass Tuff (Tcp)
Upper vitric (uv)
Upper crustalline (uc)
Moderately welded (m (crystalline)
Lower crystalline (ic)
Lower vitric (lv)
Pre-Prow Pass bedded tuff (Tcpbt)
Bullfrog Tuff (Tcb)
Upper vitñc (uv)
Upper crystalline (uc)
Moderately welded (m) (crystalline)
Lower crystalline (ic)
Lower vitric (lv)
Pre-Bullfrog Tuff (Tcpbt)
Pre-Bullfrog Tuff basal sandstone (Tcbbs)

Hydrogeologic Units
Detailed

Major

CHV (vitric)
CHZ (zeolitic)
BT

BTa (zeolitic)

PP3
PP2
PPJ (upper part)

in PP]

Crater Flat
(CFu)

BF3 (welded)
BF2 (nonwelded)

mean values of physical properties and hydrologic parameters that can be used in

numerical modeling (Wu et al., 1996). Hydrogeologic unit designations at this site
historically have been confined to large unit divisions based primarily on degree of
welding (Scott et al., 1983; Montazer and Wilson, 1984). Montazer and Wilson
(1984) grouped rocks into five hydrogeologic units (table 1): the Tiva Canyon

welded, Paintbrush nonwelded, Topopah Spring welded, Calico Hills nonwelded and
the Crater Flat variably to nonwelded units.
Yucca Mountain, the Tertiary volcanic sequence varies in thickness between 1
and 3 km with an unsaturated zone that is approximately 500 to 750 meters (m) thick.
Flint (1998) describes the nomenclature and character of the hydrogeologic units and
the rationale behind the influences of the various features, alteration and permeability,

and moisture-retention character. Hydrogeologic unit nomenclature is associated
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with lithostratigraphic units in table 1. The formations in the unsaturated zone at
Yucca Mountain consist primarily of pyroclastic flow deposits, and are listed in Table
1 (table 1). Interstratified with the formations are bedded tuffs that consist primarily

of fallout tephra deposits with minor amounts of pyroclastic flow deposits and
redeposited material (Moyer and Geslin, 1995; Buesch et al., 1996). The Tiva Canyon
and Topopah Spring Tuffs contain vitric, nonwelded to densely welded tuff at the top
and bottom and thick, crystallized, moderate to densely welded and fractured

interiors. The Yucca Mountain and Pah Canyon Tuffs contain both nonwelded and
welded intervals (Moyer et al., 1996). The Calico Hills Formation is composed of
nonwelded pyroclastic flow and fallout deposits with minor amounts of redeposited
material, and interstratified rhyolitic lava flows (Moyer and Geslin, 1995). The Prow
Pass Tuff consists of nonwelded to partially welded tuff at the top and bottom. At
locations within the Calico Hills Formation and Prow Pass Tuff where the rocks
remain vitric, the glass has been zeolitized from an ancient water table. The Bullfrog
Tuffs was only penetrated by one borehole used in this study and is sparsely
characterized.

Generally, all these features influence the hydrologic character of the rock by
changing the pathways through which water must pass in order to flow through the

rocks. An increase in welding, which is described on the basis of the degree of
flattening of pumice clasts, results in a reduction of porosity, pore size, and
permeability. Crystallization is generally related to hydrologic features through the
production of secondary porosity by vapor-phase corrosion, which increases the

permeability, or by the deposition of crystals through vapor-phase processes, which
can reduce the porosity and therefore the permeability. Typically, vapor-phase
corrosion occurs in the upper, crystal-rich, nonlithophysal zones of both the Tiva
Canyon and Topopah Spring Tuffs where vitric, partially to moderately welded rocks
are in contact with crystallized, moderately to densely welded rocks (Buesch et al.,
1996). Vapor-phase corrosion also commonly occurs in the lower part of the

columnar subzone and the upper part of the vitric, moderately welded subzoneof the
crystal-poor Tiva Canyon Tuff and is particularly well developed where the vaporphase corrosion has propagated down into the increasingly porous parts of the
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moderately welded rocks (Buesch et al., 1996; Moyer et al., 1996). This secondary
porosity can result in measurements that are anomalously high compared to those

which would be estimated based on textures of welding. Properties of lithophysal
cavities, while possibly inferred, caimot be directly measured using core-scale
analyses, but on a larger scale, preliminary investigations have shown that
lithophysae may act as a mechanism to concentrate volumes of water. As water
moves through lithophysal zones, the volume of rock through which the water passes

is reduced by the occurrence of cavities, but the water doesn't move into the cavities
under unsaturated conditions. This results in an increase in the saturation within the
+1S
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Differences in properties that result from whether or not a rock has undergone
crystallizationldevitrification are primarily due to the differences in grain density and
microfracturing. Vitric rocks are lower in grain density; for rocks with the same
porosity, the vitric rocks have a lower bulk density. The densely welded, vitric rocks

with very little porosity and extremely low permeability also have a high density of
microfractures, observable, very small fractures, which transmit water under high
saturations. The dimensions of the microfractures, and whether they contain alteration
products, will determine whether or not they contribute to unsaturated flow; very
small fracture apertures, or alteration materials, may support unsaturated flow.

Because the matrix permeability of these rocks is so low, it is common to find high
saturations due to concentration of water flowing from higher porosity rocks to lower
porosity rocks and permeability barrier effects. There are often low-temperature
alteration minerals associated with these rocks, but there are also zones with hightemperature alteration materials (Levy et al., 1996). Devitrified, densely welded rocks
have microfractures that are occasionally sampled in core and typically do not contain
alteration minerals. These microfractures will probably not contribute to flow under
unsaturated conditions.
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Table A-2. Borehole Locations and Descriptions

Borehole
Designation

Location

Northing Basting Altitude Date
Date
Total Number
(meters) (meters) (meters) Drilling Drilling Depth of

Began Completed (m) Samples
UE-25UZ#16
USW UZ-14
USW UZ-7a

USWSD-6
USW SD-7
USW SD-9
USW SD-12

WT-2 Wash
Drill Hole Wash
WT-2 Wash
YuccaCrest
Highway Ridge
Wren Wash
H-5 Wash

USWNRG-6
DriliHoleWash
USW NRG-7/7A Drill Hole Wash
UE-25 WT-24 Bleach Bone Ridge
USW IJZ-Nl 1 Mile High Mesa
USW UZ-N15 Bleach Bone Ridge
USW IJZ-N16 Bleach Bone Ridge
USW UZ-N17 Bleach Bone Ridge
USW UZ-N27 Yucca Crest
USWUZ-N31 Split Wash
USW UZ-N32 Split Wash
TJSW UZ-N33
Drill Hole Wash
USWUZ-N34 Drill Hole Wash
USW UZ-N35 H-S Wash
USW UZ-N36 Bleach Bone Ridge
USW UZ-N37 Wren Wash
USW UZ-N38 Wren Wash
LTSWUZ-N53
WT-2 Wash
USWUZ-N54 WT-2 Wash
USW UZ-N55 WT-2 Wash
USWUZ-N57 Abandoned Wash
USW UZ-N58 Abandoned Wash
USW UZ-N59 Abandoned Wash
USW UZ-N6l Abandoned Wash
USW UZ-N62 Yucca Crest
UE-25 UZN #63 Pagany Wash
USWUZ-N64 Yucca Crest

231,811
235,155
231,845
232,386
231,328
234,083
232,244
233,758
234,355
236,739
237,919
237,162
237,180
237,203
235,174
232,942
232,959
234,717
234,744
232,338
235,885
233,934
233,924
231,677
231,731
231,801
230,174
230,197
230,222
230,239
230,772
234,341
233,394

172,169
170,774
171,397
170,264
171,066
171,242
171,178
172,008
171,598
171,398
170,390
170,643
170,574
170,687
170,344
171,527
171,541
171,051
171,069
171,392
171,780
171,820
171,707
171,979
171,987
171,983
170,941
170,951
170,959
170,960
170,171
172,568
170,516

1,220
1,350
1,290
1,495
1,363
1,302
1,321
1,248
1,282
1,494
1,592
1,557
1,560
1,563
1,481
1,266
1,267
1,320
1,318
1,295
1,415
1,257
1,265
1,236
1,233
1,241
1,276
1,274
1,274
1,275
1,489
1,202
1,460

5/27/92
4/15/93
3/22/95
11/18/97
10/3/94
5/6/94
1/28/94
11/23/92
10/25/93
7/23/97
2/5/92
3/20/92
3/25/92
3/17/92
4/21/92
9/3/92
9/23/92
8/13/92
8/18/92
10/13/92
2/28/92
1/6/92
4/8/92
5/19/92
11/12/92
9/23/91
10/28/92
11/5/92
11/18/92
12/9/92
3/5/93
8/3/92
4/16/92

3/11/93
5/13/94
6/12/95
5/7/98
11/9/95
9/26/94
8/16/95
3/4/93
3/4/94
5/14/98
2/25/92
3/25/92
3/30/92
3/19/92
4/30/92
9/22/92
10/9/92
8/18/92
8/24/92
10/26/92
3/2/92
1/30/92
4/13/92
6/12/92
12/10/92
11/8/91
11/4/92
11/10/92
12/8/92
12/17/92
3/10/93
8/10/92
4/17/92

514.0
672.6
234.7
774.5
497.5
677.6
609.6
335.3
461.3
863.8
25.7
18.3
18.3
18.3

464
486
189
164
808

568
588
346
367
269
26
23
9

28
74
73
80
27

61.7
58.7
63.2
22.9
25.6 14
52.0 38
18.2 43
82.7 69
27.2 28
71.5 93
74.6 86
77.8 107
36.2 44
36.2 39
36.2 41
36.2 44
25
18.3
22
18.3
18.3

23
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METHODS
Physical and hydrologic properties for 5,320 rock-core samples from 33

boreholes were compiled in a database. Descriptions of borehole location and drilling
information are included in Table A-2. This database includes measurements of
porosity, bulk density, particle density, water content, saturated hydraulic
conductivity, and moisture-retention characteristics. To provide initial conditions and
site calibration data, present-day field moisture conditions were included, along with
the associated lithostratigraphic units for all samples.
All samples were analyzed to determine porosity, bulk density, particle density,
and water content. Subsets of samples were measured for determination of saturated

hydraulic conductivity, and moisture-retention measurements. Long-term watercontent measurements in the 23 neutron boreholes, 18 to 83 m in depth, are described

in detail in Flint and Flint (1995). Seven boreholes (the SD boreholes, UZ14, UZ16
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(UZ7a and the NRG boreholes) did not reach the water table (Figure A-i).

Sample Collection
Boreholes were drilled using dry-drilling technology. The neutron boreholes
(prefix "N") were drilled using the ODEX 115 drilling and casing system1
(Hammermeister et al., 1985). This method uses simultaneous advancement of the
casing with the deepening of the hole to minimize the effects of drilling fluids (in this

case, air) on the borehole walls. Formation and core moisture conditions are
minimally affected, and some of the cuttings produced from drilling fill the small
annular spaces between the casing and formation, minimizing the void space. The
remaining boreholes were drilled using reverse-circulation dual-wall methodology

that also minimally affects formation and core moisture conditions. Both types of

'The use of trade or firm names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.
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drilling provide continuous core sampling. Two core samples approximately 7 cm in
diameter and 10 cm in length and 20 cm in length were collected approximately every
0.8 m during drilling of the boreholes. Intermittent depth segments occurred where
core samples were not recovered due to drilling or formation conditions. Samples
were typically placed in steel cans at the drill site within 5 minutes of being recovered
from the ground to maintain field moisture conditions.

Laboratory Core Processing
Cores were removed from the steel cans and immediately placed on a balance to
obtain field weight for moisture content. Samples were then saturated with CO2 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 (ASTM, 1977), and weighed to determine saturated weight.
The sample was suspended in a beaker of water in a wire basket to determine volume
displacement, dried for 48 hours in a relative humidity oven at 60°C and 65 percent
relative humidity (RH), and reweighed. Relative-humidity drying removes water from
the pores that contribute to water flow but retains bound water in the crystal or
mineral structure (Bush and Jenkins, 1970), or within very small pores or channels,
providing an estimate of residual water content, and relating pore space to that space
available for water flow (see discussion in section on alteration, microfractures, and

permeability). The samples were then dried at 105°C for at least 48 hours to obtain a
standard dry weight (ASTM, 1977). Porosity [(saturated weight minus dry
weight)/volume], bulk density (dry weight/volume), and particle density [porosity/(1
minus bulk density)] were calculated for both RH and 105°C oven-dry weights. The
error in these measurements is due to resolution of the balances in the weight
measurements, which is insignificant, and in the repeatability of the saturated weight
and volume measurement based on removing surface water from the rock. Errors
have been calculated to be less than 0.5 percent for bulk properties. Volumetric-water
content is calculated as [(initial weight minus dry weight)/dry weight] multiplied by
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bulk density, and saturation is volumetric-water content divided by porosity. The
error in these measurements is the same as for the physical properties, but includes a
calculation for evaporation during sample handling that is discussed in a later section.
Subsamples removed from the core samples prior to placement on the balance for

field moisture conditions were processed for water potential using a chilled minor
psychrometer (described below). This measurement was done for the samples from
about half of the boreholes, but the drilling process and sample processing induced
unacceptable errors, therefore this data only was used qualitatively and is discussed
later.

Borehole core segments, 15-20 cm long were collected adjacent to can samples
and preserved in Lexan tubing for measurements of saturated hydraulic conductivity
and moisture retention. Subsamples 2.5 cm in diameter and approximately 6 cm long
were prepared and subsamples approximately 1 cm long were cut off the end of these
samples for determination of moisture-retention curves. The rest of the subsample
was used for conductivity measurements. 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.
Saturated hydraulic conductivity

(Ks) was determined on subsamples from

several boreholes. Cores were vacuum saturated, and

K5

was measured using a

steady-state permeameter that forces water through the core at a measured pressure

while weighing the outflow over time. K, was calculated using Darcy's law: (Q/At) =
K5

(zIP/Az), where Q is the measured flow per unit time, t, in meters per second, A is

the cross-sectional area of the sample in square meters; zIP is the pressure gradient
measured across the core sample in meters of head; and Az is the length of the sample
in meters. The error in this measurement is estimated to be less than one-half an order

of magnitude of the calculated K. This measurement, differing from the typically
saturated hydraulic conductivity that occurs under field conditions when rocks have
entrapped air, provides an upper bound to the prediction of unsaturated hydraulic
conductivity.
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At sites where no measured unsaturated hydraulic-conductivity data are
available, moisture-retention measurements typically are used with curve fitting
parameter estimations and capillary models (Mualem, 1976) to estimate unsaturated
hydraulic conductivity (van Genuchten, 1980). One hundred and nine moistureretention curves were determined in the laboratory using two methods. Water
potential at a suite of saturations were measured on 76 of the samples using a chilledmirror psychrometer (Water Activity Meters, Model CX-2, Decagon Devices, Inc.,
Pullman, Wash.) (Gee et al., 1992). The 2.5- x 1-cm sample fits into a chamber 4 cm

in diameter and 1.5 cm in height. Measurements of water activity, A, are measured
with the psychrometer at the same time as the sample temperature is being measured
using an infrared thermometer, and these values are used to calculate water potential,

i, using the Kelvin equation. The resolution of the instrument introduces an error of±

1 percent in A over the entire range of the instrument. This is an error of 100 percent
at 0 bars to 11 percent at 300 MPa. Measurement error due to the calibration of the
instrument with salt solutions is considered negligible. Samples were vacuum

saturated, and water-potential measurements were made. Following the
measurement, samples were allowed to dry by evaporation to a new water content and
then equilibrate in a sealed jar for approximately 3-7 days. Measurement points were
collected at each saturation in this maimer until the final measurement point was
determined following the drying of the sample in an oven set at 60°C and 65 percent
relative humidity.

Moisture-retention curves were developed for 33 of the samples using a
centrifuge (UFA Ventures Inc., Richland, Wash.) (Conca and Wright, 1990; Flint et
al., 2000b). The centrifuge moisture retention measurement establishes water
potential in a centrifugal field, and the sample drains to the corresponding water
content, which is measured gravimetrically. Steady state and equilibrium conditions
are assessed by mass balance measurements of inputs and outputs and repeated

measurements of water content with time. The core sample is 2.5 to 4.0 cm in
diameter and 5.0 to 7.0 cm in height. The resolution of the water potential imposed is

virtually infinite due to the accuracy of the centrifuge settings and control system and
the range of water potential measured is from 0 to approximately -5 MPa. Inaccuracy
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is due to improper assessment of equilibrium conditions, which, as the conductivity
lowers so rapidly at drier conditions, is more likely at the driest points. While the
psychrometer represents vapor phase equilibrium conditions, the centrifuge achieves
equilibrium through advective processes.

For each hydrogeologic unit the data sets for individual samples (1 to 10 samples
per unit) were compiled to include variability throughout the unit. These data sets
represent the desorption process and are the upper bound of the moisture-retention

characteristic curve, neglecting hysteretic behavior. To evaluate rock units in the
shallow unsaturated zone (through the PTn) where hysteretic behavior might occur
due to periodic wetting and drying and entrapment of air in pores, measured field data
from the boreholes were included with the laboratory data set to produce composite
data sets for moisture retention parameters. The air entry values were lower for all
composite curves indicating less water/more air in pores at high water potentials. Due
to the inaccuracies of the field data, these curves are not included in the final analysis.
Each of the moisture-retention data sets was fitted with curve functions using
RETC (van Genuchten et al., 1991), a least-squares curve-fitting procedure based on
van Genuchten (1980) and fitting parameters a and n,

f=Se(1_2n2

Water potential

saturation is Se = (0
meter,

°r

(w)

/a

(1\

'1)

is related to effective saturation (Se) where effective

O) / (0,

Or),

and 0 is measured water content in meters per

is residual water content, and 0, is water content at saturation. For curve

fitting purposes, residual saturation was set to 0 and saturation was set to 1. Standard
errors and 95-percent confidence limits were calculated for each of the fit parameters
for each moisture-retention curve.

Errors in Water-Content Data
Drilling and sample handling can variably reduce the saturation of core samples
so that they do not accurately represent field conditions. To more accurately represent
in-situ moisture conditions, an analysis was done to correct the effects of drilling and
sample handling on the determination of core water content (Flint, 1998). The degree
of saturation in a core is generally not very sensitive to these influences, but reduced

up to 10 percent where small amounts of water are evaporated from samples of
certain rock types, such as Tptrv 1, Tptpv3 and other low-porosity rocks. A

calculation was made for various rock types based on laboratory-generated
evaporation curves, and estimates of time that evaporation could occur for each rock
type during drilling, sample handling at the drilling site, and in the lab, plus the

additional step for the water potential measurement itself The average change in
saturation when a correction was added to all samples was 0.02, with a standard
deviation of 0.016.

REPRESENTATIVE FEATURES OF DATASET

Physical Properties
Porosity, saturation, and particle density are generally closely associated with

lithostratigraphic boundaries (Table A-i; Figure A-2). The data shown in Figure A-2
exemplify the vertically stratified nature of the unsaturated zone at Yucca Mountain,
and represent spatial extremes. In general, porosity is high and saturation is low in the

nonwelded rocks, except for those close to the water table, and porosity is low and
saturation is high in the welded rocks (Figure A-2). Particle density is generally high
in the devitrified rocks and low in the vitric rocks (Figure A-2).
Alteration is evident in the lower parts of these boreholes where the porosity is

high as well as the saturation. This is shown more clearly in Figure A-3 which
illustrates the difference between porosity calculated using elevated relative humidity

(RH) dryiig to represent a residual water content, and standard 105°C oven drying at
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ambient relative humidity (generally less than 20 percent), for 2 boreholes, one with
zeolites (Figure A-3a), and one with montmorillonite (Figure A-3b). The difference
between these two porosity values indicates the amount of water held at RH dryness,

and infers the volume of altered minerals. In this figure it is evident that> 5% altered
minerals results in a retention of moisture in the profile (Figure A-3a), or a perching
of water above the clays (Figure A-3b).
Summary statistics for bulk density, porosity, and particle density are shown in

Table A-3. Mean water content and saturation have been calculated, but several
factors must be considered to help explain these values. Spatial averaging of water
content and saturation is not realistic based upon consideration of the spatial
distribution of infiltration that results from the distribution of precipitation, the
varying thickness of alluvial cover, the topographic positions of boreholes, and the
variable thickness of shallow rock units with different properties (Flint and Flint,
1995; Flint et al., 2000a).

Table A-3. Mean values arid standard deviations for measured core properties for each hydrogeologic unit.

Hydrogeologic
urn
CCR
CUC
CUL
CW
CMW
CNW
BT4
TPY
BT3
TPP
BT2
TC
TR
TUL
TMN
TLL
TM2
TM1
PV3
PV2
BT1

BT1a
CHV
CHZ
BT
BTa
PP3
PP2
PP1
BF3
BF2

Relative
humIdity
porosity
(v/v)
Mean Standard
Deviation
n/a
n/a
0.235
0.026
0.126
0.038
0.066
0.026
0.137
0.044
0.301
0.087
0.376
0.125
0.254
0.095
0.354
0.079
0.469
0.038
0.468
0.082
0.041
0.035
0.146
0.034
0.135
0.032
0.089
0.021
0.115
0.032
0.092
0.033
0.072
0.019
0.020
0.017
0.121
0.072
0.265
0.066
0.198
0.076
0.319
0.058
0.239
0.054
0.175
0.050
0.178
0.061
0.184
0.052
0.186
0.060
0.201
0.060
0.102
0.039
0.170
0.076

N

Bulk
density
(g/cm3)

0
17
31

422
67
63

25
42
62
134
124
56
445
455
267
451
241
113
108
55
43
46
83

538
69
49
206
140
252
86
61

Porosity
(v/v)

Mean Standard Mean Standard
Deviation
Deviation
2.39
0.07
0.062
0.022
1.91
0.13
0.253
0.060
2.10
0.14
0.164
0.062
2.30
0.06
0.081
0.029
1.97
0.14
0.200
0.055
1.45
0.17
0.387
0.069
1.30
0.30
0.442
0.124
1.74
0.27
0.270
0091
1.39
0.18
0.411
0.079
1.13
0.09
0.499
0.041
1.21
0.24
0.493
0.097
2.38
0.10
0.053
0.035
2.15
0.08
0.157
0.030
2.13
0.08
0.154
0.031
2.25
0.05
0.110
0.020
2.22
0.08
0.131
0.030
2.27
0.08
0.112
0.031
2.30
0.05
0.094
0.019
2.30
0.09
0.036
0.037
1.94
0.24
0.178
0.099
1.66
0.14
0.273
0.068
1.66
0.15
0.290
0.066
1.49
0.14
0.341
0.056
1.60
0.12
0.322
0.048
1.95
0.13
0.212
0.041
1.94
0.10
0.215
0.046
1.93
0.12
0.221
0.042
1.91
0.21
0.229
0.073
1.74
0.15
0.282
0.054
2.28
0.09
0.115
0.041
1.96
0.16
0.212
0.074

Particle
density
(g/cm3)

Volumetric
water
content
(vlv)

Saturation

N

Saturated
hydraulic
conductivity
(mis)

9
101

Geometric Standard
Mean
Deviation
n/a
n/a
3.8E-08
2.4E-08
l.2E-08
n/a
5.7E-12
3.4E-11

Mean Standard Mean Standard Mean Standard
Deviation
Deviation
Deviation
2.55
2.56
2.52
2.51
2.47
2.37
2.34
2.38
2.36
2.26
2.39
2.51
2.55
2.51
2.53
2.55

2.56
2.54
2.38
2.36
2.28
2.34
2.26
2.36
2.46
2.46
2.46
2.46
2.42
2.57
2.48

0.04
0.09
0.03
0.05
0.06
0.10
0.14
0.12
0.10
0.09
0.15
0.04
0.03
0.02
0.03
0.02
0.03
0.03
0.02
0.03
0.07
0.05
0.10
0.05
0.08
0.04
0.05
0.06
0.07
0.03
0.05

0.046
0.098
0.094
0.064
0.184
0.259
0.219
0.157
0.214
0.177
0.187
0.033
0.078
0.108
0.093
0.102
0.094
0.081
0.033
0.154
0.083
0.256
0.157
0.307
0.143
0.147
0.148
0.155
0.265
0.112
0.157

0.016
0.049
0.021
0.025
0.062
0.081
0.097
0.047
0.066
0.064

0.072
0.023
0.019
0.022
0.020
0.023
0.025
0.015
0.037
0.101
0.021
0.081
0.078
0.048
0.040
0.051
0.090
0.082

0.057
0.040
0.075

0.746
0.395
0.612
0.798
0.907
0.694
0.510
0.638
0.532
0.360
0.392
0.632
0.510
0.717
0.848
0.787
0.850
0.863
0.889
0.854
0.318
0.888
0.473
0.958
0.734
0.735
0.721
0.723
0.947
0.977
0.763

0.143
0.168
0.151
0.135
0.130
0.245
0.196
0.232
0.165
0.135
0.154
0.175

0.132
0.152
0.121
0.133
0.103

0.092
0.098
0.152
0.097
0.211
0.239
0.078
0.035
0.091
0.289
0.103
0.134
0.066
0.041

98
616
96
105
34
48
87
166
177

72
449
455
267
451
241
113
108
55

43
46
83
538
69
49
206
140
252
86
61

N

0
3

16

l.8E-l0

l.3E-07

5

1.2E-08
5.8E-07
1.6E-07
5.4E-07
9.3E-07
2.2E-06
1.6E-09
1.4E-09

LIE-OS
2.1E-03
7.8E-06
1.4E-06
4.4E-07
9.4E-06
2.6E-07
1.7E-07
6.7E-08
1.6E-10
3.6E-09
7.8E-06
1.4E-11
3.8E-10
4.1E-08
8.3E-07

10
4

8.9E-Il
4.OE-1l
1.9E-10

3.IE-10
5.2E-12
7.4E-12
3.8E-11
2.9E-07
l.3E-10
7.8E-08
4.4E-11
5.1E-08

3.1E-ll
3.OE-08

2.7E-10
1.3E-10
9.OE-11

8.8E-10

3
17
11

21
5

48
40
11

45
18
11

14
9
11

l.3E-06

10

1.8E-05
2.7E-09
3.1B-08
1.SE-09
6.3E-08
1.3E-07
4.6E-09
n/a
2.SE-09

24
104
19
14

36
39
27
1

2
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Saturated Hydraulic Conductivity
The representation of saturated hydraulic conductivity for 604 samples from all
lithostratigraphic units plotted versus effective porosity (RH porosity) illustrates the
large range of conductivity values for these rocks as well as the differences in rock
types due to microfractures and alteration, thus characterizing the hydrologic
character of the various rock types (Figure A-4). Effective porosity is more highly
correlated to conductivity than total porosity because it represents only that part of the
porosity that contributes to water flow. Where the occurrence of clay or zeolite zones
only slightly reduces the measured porosity, because water can be stored in clay and
zeolite mineral structures rather than occupy space within the pores (which would
reduce the measured porosity), it can significantly reduce the conductivity.
Microfractures significantly increase the conductivity under saturated conditions,
whereas the matrix porosity is very small. Geometric mean values of hydrogeologic
units are included in Table A-3 for saturated hydraulic conductivity.
Relations between these simplified, lithostratigraphic, feature-based categories,
are represented by simple regression models predicting conductivity from RH

porosity for the altered [log K = 8.4(porosity)
= 42.2(porosity)

11.4,

2.6 (porosity) 4.0,

r2

r2

12.3,

r2

= 0.30], microfractured [log

0.45], and combined unaltered, vitric/devitrified [log
0.70] groups.

Moisture Retention Characterization
Moisture-retention curves are represented for six hydrogeologic units in Figure

A-5a-e. The figures represent the laboratory desorption curves for both chilled-mirror
psychrometer and centrifuge, and standard errors of the curve fit parameters, a and n,
were used to include the 95-percent confidence intervals about the curve-fit models.
The error includes the lack of fit of the function to the data, but as the various
hydrogeologic units are represented by different numbers of samples, the error is
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tuff(BT2; Figure A-5c) to those of the welded tuffs, CW, TUL, and PV3 (Figures ASa, A-5d, and A-Se). These welded tuff units all have low a values, or high air-entry

pressures, approximately equivalent to 1/a, and describe the water potential at which
the pores initially drain, and thus are the largest pores. Rocks in the welded
hydrogeologic unit TR (not shown in figure) are vapor-phase corroded which
increases the size of the pores, and results in pore structures that drain at lower water

potential than other noncorroded welded rocks, thus the higher a. Another notable
feature is the residual saturation, which is approximately represented by the saturation

at which the dry end of the curves becomes asymptotic. It is related to the abundance
of very small pores that retain water at approximately 60-percent relative humidity or
-70 MPa. Altered rocks such as CHZ, or vitrophyres such as PV3, have the largest
residual saturations. The differences between the lithophysal and nonlithophysal units

is also apparent in Table 4 in the difference between a values for lithophysal units
TUL and TLL, and nonlithophysal units, TMN, TM2 and TM1, as nonlithophysal

zones have a greater abundance of small pores and thus smaller a values.
Moisture-retention curve-fit parameters have been calculated for all the
hydrogeologic units with corresponding standard error and 95-percent confidence
limits (Table A-4). The number of data sets, N, upon which laboratory measurements

for moisture retention were made is noted for each unit. Several of the units, TPP,
TC and CHV, posed measurement challenges as samples disintegrated due to frequent

sample handling and therefore are represented by only a few samples. It is not
believed that the parameters for these units were unrepresentative or were
compromised due to the low number of samples. Parameters for CCR are represented

by hydrogeologic unit TC, and this approximation is supported by the general
similarities in lithostratigraphic features and context of the units (D.C. Buesch and
R.W. Spengier, U.S. Geological Survey, written commun., 1996).
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Table A-4. Moisture-retention curve-fit parameters, a, n, and m, for each
hydrogeologic unit.
[undef., undefined values of less than or equal to zero on a log scale; N, number of
samples; m, l-(1/n); parameters for CCR are from TC]

95-percent
confidence
Hydrogeologic
Standard
a
limits
Unit
N (MPa') error
lower upper
CCR
0
1.5
0.6
0.3
2.7
CUC
3
9.0
2.7
3.4
14.6
CUL
3
17.7
6.5
4.5
31.0
CW
9
2.8
0.7
1.4
4.2
CMW 3
0.3
0.1
0.1
0.4
CNW 6 96.1
46.6
2.9 118.9
BT4
7
36.5
20.8
12.0
94.8
TPY
3 162.8
111.3 undef. 389.1
BT3
5
93.4
36.9
19.5 167.2
TPP
2
47.1
17.5
11.1
83.1
BT2
TC
TR
TUL
TMN
TLL
TM2

4

TM1
PV3
PV2

3

BT1

BT1a
CHV
CHZ
BT
BTa
PP3
PP2
PP1
BF3
BF2

7

51.3

3

1.5

5

18.0
7.3
0.8

3
3

2
1

3

2
4
2
10
3

2.9
0.8
0.2
0.1
8.7.

14.0
0.2
14.6
2.8
9.9

2

0.1

3

23.3
0.8
2.5
9.5

2
2
2
1

0.1

15.6
0.6
4.8
1.6
0.2

20.1
0.3
8.3
4.0
0.4

82.6
2.7
27.6
10.5

1.1

0.7
0.3
0.1
0.0

5.2
1.2
0.3
0.2

undef.

24.0
21.9
0.4
42.2
4.0

0.2
0.0
0.0
7.3
3.5
0.1
12.2
0.6

2.0
0.0
7.9
0.1

0.8
16.6
0.0

6.1

0.0
undef.
1.7
5.6

1.1

14.1

95-percent
confidence
n Standard
limits
lower upper
error
1.27
0.04
1.17
1.36
1.71
0.18
1.34
2.08

0.21
0.42
0.29
0.16

1.41

ft07

1.20
1.31

0.02
0.05

1.25
1.16
1.20

1.56
1.24
1.42

1.19
1.29
1.25
1.16
1.36

0.03
0.03
0.05
0.17
0.54

1.13
1.16
1.15
1.13
1.25

1.24
1.26
1.35
1.19
1.47

0.16
0.22
0.20
0.14
0.26

1.23
1.27
1.30
1.29
1.31

0.03
0.04
0.03
0.02
0.04

1.18
1.17
1.24
1.24
1.23

1.28
1.36
1.37
1.34
1.38

0.19
0.21
0.23
0.22
0.23

1.25
1.37

0.04
0.06
0.08
0.03
0.05

1.17
1.24
1.25
1.12
1.05

1.33
1.50
1.58
1.26
1.27

0.20
0.27
0.29
0.16
0.14

0.73
0.06
0.08
0.02
0.06
0.09
0.05
0.04
0.04
0.13
0.06

1.30
1.14
1.07
1.17
1.39

1.63
1.40
1.43
1.24
1.65

0.32
0.21
0.20
0.17
0.34

1.42
1.26
1.30

1.78
1.45
1.45
1.36
1.49
1.96

0.38
0.26
0.27
0.22
0.17
0.43

1.41

1.19
1.16

1.47
1.27
1.25
1.21
1.52

0.1

0.1

7.3
0.6
0.9

39.3
4.1

1.60
1.35
1.38
1.28

undef.

46.5

1.21

0.1

0.1

1.76

1.1

m

1.21

0.93
1.57

0.24
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SUMMARY
Measured values of rock matrix physical properties: bulk density, porosity, and
particle density, and hydraulic properties: saturated hydraulic conductivity and
moisture-retention were measured at Yucca Mountain, Nevada. In addition, field
water content was determined. All rock properties, along with absolute position,
lithostratigraphic descriptions and hydrogeologic unit for each sample are included in
a database available on a website. Mean values and standard deviations of bulk
density, porosity, particle density, saturation, and saturated hydraulic conductivity are
provided for each hydrogeologic unit as well as representative values of van
Genuchten moisture-retention curve-fit parameters, a and n.
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