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ABSTRACT

Three-dimensional heterogeneous, yet spatially correlated models of selected rock matrix properties
have been created using geostatistical conditional simulation for three major rock units present within the
unsaturated and shallow saturated zones in the vicinity of the potential nuclear-waste repository site at
Yucca Mountain, Nevada. The three rock units are all of Miocene age, and they include the nonwelded and
principally vitric materials of the upper Paintbrush Group below the densely welded portion of the Tiva
Canyon Tuff (PTn model unit), the densely welded and principally devitrified rocks of the Topopah Spring
Tuff (unit TSw), and the nonwelded to partially welded and variably zeolitized materials of the Calico
Hills Formation and Prow Pass Tuff unit (CH–PP). The rock properties modeled include porosity, bulk
density, and saturated hydraulic conductivity for each unit, and thermal conductivity for the TSw model
unit. These property models synthesize the vertical and lateral variability of porosity measurements
obtained through both laboratory measurement of core samples and down-hole petrophysical observations
from across the entire Yucca Mountain site area. The models of hydraulic conductivity, bulk density, and
thermal conductivity are based on the use of cross-variable correlations with porosity, in which the spatial
continuity patterns of the different rock properties are coregionalized. The simulated models are intended
principally for use as input to numerical modeling of ground-water flow and radionuclide transport, includ-
ing coupled thermal and hydrologic processes. The suites of statistically similar simulated models have
been summarized as “expected-value” (E-type) models similar to those that would result from application
of an interpolation algorithm. This post-processing of replicate simulations has also allowed an assessment
of the uncertainty in the prediction of spatially varying rock properties that results from less-than-exhaus-
tive site characterization. 

The simulated models indicate substantial material-property heterogeneity, both vertically and later-
ally and that this geologic heterogeneity exists on several spatial scales. The use of quantitative spatial cor-
relation through the modeling process, combined with the influence of actual measurements of physical
properties such as porosity, induces small-scale, “layered” and zonal heterogeneity that is not dependent
upon the arbitrary distinction of numerous individual and discrete “stratigraphic” units whose lateral conti-
nuity is uncertain. The modeling methodology makes use of the constraining influence of broadly deter-
ministic geologic processes, while at the same time respecting geologic knowledge from both modern and
other ancient analogue environments that indicates a complex influence of secondary and tertiary alteration
processes on the present-day material properties. The simulated models are constrained to reproduce
observed rock property values at the locations of actual samples (subject to discretization limits). Else-
where, the simulated property values vary stochastically within the statistical bounds of the measured data.
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INTRODUCTION

This report describes the creation of three-
dimensional numerical models of selected rock-
matrix properties for the region of the potential
high-level nuclear waste repository site at Yucca
Mountain, which is located in southern Nevada
(fig. 1). The models have been generated for a
majority of the unsaturated and shallow saturated
zone within an area referred to within the Yucca
Mountain Site Characterization Project as the “site
area.” They comprise a number of material proper-
ties of importance both to detailed process-level
modeling activities and to more summary-style
performance assessment modeling. The material
properties within these models are both spatially
variable (heterogeneous) and spatially correlated,
as the rocks are understood from data obtained
from site-characterization drill holes widely scat-
tered across the site area.

GEOLOGIC HETEROGENEITY, UNCERTAINTY, 
AND MODELING OF THE YUCCA MOUNTAIN 
SITE

Numerical Modeling

Licensing of the Yucca Mountain site as a
geologic disposal site for nuclear waste will require
quantitative predictions of the waste-isolation per-
formance of the rocks that form Yucca Mountain
and of the engineered barrier system for an
extended period of time into the future. These pre-
dictions will require the use of numerical modeling
in an attempt to capture the essence of highly com-
plex physical processes, such as ground-water flow
and the transport of potential radionuclide contami-
nants under both unsaturated and saturated condi-
tions. Additional numerical modeling will be
required as part of the licensing process to demon-
strate that a mined geologic repository can be con-
structed within the rocks of Yucca Mountain such
that the underground openings will be stable for a
period of time sufficient to allow construction of

the repository, emplacement of the waste packages,
and retrieval of the waste if necessary. Stability of
the mined openings in the near term and the perfor-
mance of the site in the longer term will be influ-
enced both by present-day conditions and by future
conditions that must account for perturbation by
the thermal pulse of the emplaced waste forms. 

A fundamental principle involved in the
numerical representation of real-world physical
processes is that the properties of the modeled
domain that are important to that representation
must be known “exhaustively.” Standard procedure
in virtually all numerical physical-process model-
ing is to discretize the model volume into a (large)
number of individual elements or grid nodes,
assign the necessary attributes to each element or

Figure 1.  Index map showing the location of the 
potential repository in southern Nevada.

Three-Dimensional Hydrological and Thermal Property 
Models of Yucca Mountain, Nevada
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node, and then apply one or more sets of mathe-
matical expressions that are believed to represent
the operation of the physical processes under inves-
tigation, given some set of external boundary and
initial conditions. Because each element or node
within the model domain must be assigned a set of
properties to represent the variables within the
numerical approximation of the process, those
properties must be known exhaustively at each rel-
evant point in space. 

In contrast, the description or characteriza-
tion of any site invariably consists of collecting
various observations of properties or state variables
at a limited number of locations. This is particu-
larly true for the three-dimensional characteriza-
tion of a geologic site, such as at Yucca Mountain.
Because descriptive characterization is limited both
by access (particularly to the subsurface) and by
the availability of resources, that description is nec-
essarily incomplete. Therefore, the exhaustive
description of a site for purposes of numerical
physical-process modeling requires the prior
assumption of some type of conceptual model for
the site, which is then implemented to assign the
values of the necessary properties and other vari-
ables at every point in space. 

Many types of conceptual models of varying
complexity have been used historically for these
purposes. However, just as a more detailed mathe-
matical representation (and/or numerical imple-
mentation) of the underlying physical process
being modeled will generally yield a more accurate
approximation of behavior of a real-world physical
system than a less detailed, overly simplified con-
ceptualization, so too, an exhaustive physical
description that captures more of the relevant real-
world detail will generally yield a better prediction
of that behavior than a simplified description that
ignores or misrepresents important features of the
real-world system. In any actual modeling exercise,
however, there are non-trivial limits on the level of
detail actually possible, which are imposed by the
resources (theoretical, computational, physical, or
human) that are available to conduct the modeling.
The appropriate level of detail required for both the
process and the domain description must be deter-
mined in light of the overall modeling situation and
the uses to which the model results will be put.

Geologic Heterogeneity

Licensing of the Yucca Mountain site as a
geologic repository involves the exhaustive
description of a complex geologic environment.
The rock properties of that environment, which
form the real-world domain for predictive flow-
and-transport and other physical-process modeling,
are spatially variable and heterogeneous by virtue
of the spatially and temporally variable geologic
processes of volcanism, tectonism, and post-depo-
sitional alteration that produced Yucca Mountain
itself. A fundamental concern underlying all per-
formance assessment modeling of actual processes
at the Yucca Mountain site is therefore how best to
represent this heterogeneous, complex accumula-
tion of volcanogenic rocks, given the types of pro-
cess modeling exercises and the programmatic and
regulatory decisions that are required as part of the
viability assessment and licensing procedure. 

It is clear that a “truly exhaustive” descrip-
tion of rock material properties is impossible: there
would be no physical Yucca Mountain left, were
the entire volume to be excavated and processed
through some laboratory machine for measuring
properties. A “practically” exhaustive description
of the site, defined as obtaining and measuring
actual samples at a large-but-finite number of spa-
tial locations corresponding to each and every grid
node of a numerical computer model is also highly
improbable. A “model-based” exhaustive descrip-
tion is thus essential to deal pragmatically with the
realities of “undersampling,” or less-than-exhaus-
tive description.

The simplest possible conceptual model of
rocks at Yucca Mountain is to assume a priori that
the material properties needed for numerical pro-
cess modeling are homogeneous and uniform
throughout the site. Although such a model might
possess some utility for rough, back-of-the-enve-
lope calculations, even the most cursory inspection
of Yucca Mountain indicates that such a model is
vastly oversimplified and of limited value in
advanced regulatory applications. However, many
past performance assessment and other modeling
exercises have been conducted for Yucca Mountain
(Dudley and others, 1988; Barnard and Dockery,
1991; Barnard and others, 1992; Wilson and others,
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1994; Atkins and others, 1995) using an only
slightly more sophisticated conceptual model. 

This slightly refined but still extremely sim-
plified conceptual model makes use of the fact that
at Yucca Mountain (as in many other geologic
environments), the lithologic deposits were pro-
duced by relatively widespread but temporally vari-
able geologic processes. In particular, the volcanic
activity responsible for the formation of Yucca
Mountain was episodic in nature, with thick wide-
spread ash deposits produced by near-instanta-
neous (geologically speaking) eruptions separated
by thin inter-eruption deposits that probably repre-
sent much longer intervals of time. Such models
make use of the observation that the widespread
conditions under which the rocks were emplaced
and altered appear to have varied vertically within
the thick deposits of volcanic tuff. However, these
layered models still rely upon the prior assumption
that, within each subhorizontal layer, the material
properties of interest are uniform and homoge-
neous. All grid nodes or modeling elements falling
within a particular layer are thus assigned a con-
stant value presumed to be “representative” in
some manner.

Geologic studies of the volcanogenic rocks
at Yucca Mountain (DOE, 1988) and of similar
deposits elsewhere in the world (Fisher and
Schmincke, 1984; Cas and Wright, 1987) indicate
that although the “deterministic geologic pro-
cesses” (Rautman and Flint, 1992) responsible for
deposition of these materials may be quite exten-
sive laterally, those processes (and the resulting
deposits) varied both temporally and areally. This
variation of process has produced spatial heteroge-
neity of material properties in all three dimensions.
Yet despite the existence of heterogeneity, the spa-
tial distribution of material properties is not “ran-
dom,” and a conceptual framework based simply
on random assignment of property values that cor-
respond to some arbitrary univariate prior distribu-
tion is likewise a simplification (and possibly an
unwarranted distortion) of the real world. In fact,
the geologic processes that produced any given
volume of real estate were spatially and temporally
correlated to a greater or lesser extent. It then fol-
lows that the resultant rock properties are spatially
correlated in the stratigraphically horizontal and

vertical directions (“time” in a progressively accu-
mulating deposit of any type can be considered
effectively “frozen” and preserved in some spatial
dimension). 

A number of mathematical techniques have
been developed that provide for the quantitative
description and conceptual modeling of material
properties that are both spatially variable (hetero-
geneous) and spatially correlated (e.g., David,
1977; Journel and Huijbregts, 1978; Isaaks and
Srivastava, 1989; Cressie, 1991; Deutsch and Jour-
nel, 1992). Spatially correlated in this context
means that the values of a material property at
“nearby” locations are more similar than the values
of that same property at more “distant” locations,
where the proximity descriptions have a specific
quantitative meaning (discussed in later sections of
this report). The ability to describe rigorously the
nature and extent of spatial correlation for any par-
ticular material property has significant implica-
tions for the conceptual modeling of heterogeneous
materials and for the quantitative description of the
uncertainty that results from inevitably less-than-
complete physical description. 

Uncertainty

Despite the existence of a highly heteroge-
neous and spatially variable rock mass at Yucca
Mountain, there is no “uncertainty” in the real
world as to what are the true material properties of
the rocks at Yucca Mountain. The material proper-
ties of the rocks exist and they are essentially static
at the present time, although it is quite likely that
some of these “static” properties may change,
including over human time scales, if heat-generat-
ing waste is emplaced in an actual repository at the
site. Even then, there is no “uncertainty” in those
evolving and changing rock properties. There is
only one Yucca Mountain as created by Mother
Nature, and the state of those rocks at the site will
be determined uniquely at all future times by the
combined actions of Mother Nature and — to a
much lesser extent — of Humankind.

Uncertainty, given a premise of real-world
uniqueness, is thus a knowledge-based concept.
Less-than-exhaustive site characterization pro-
duces “geologic uncertainty” that impacts the
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implementation of both site description and the
numerical representation of the real-world physical
processes that operate on the rocks provided by
Mother Nature. We are uncertain in our predic-
tions of the values of material properties at unsam-
pled locations (even though the properties
themselves are unique and unchanging over short
time scales). Likewise, we are uncertain of our pre-
dictions of the waste-isolation performance of a
potential Yucca Mountain repository because of (1)
our uncertain representation of material properties
at all points in space and (2) approximations and
simplifications in our conceptualization (and
numerical representation) of the true physical pro-
cesses operating at the site (even though those real
processes will produce a unique, invariant result at
any specified time regardless of our state of knowl-
edge). The implication of this logical framework is
that if we add information of the proper type in a
physically appropriate conceptual manner to a pre-
dictive modeling exercise (all else being equal), the
result of that prediction will be less uncertain than
it would be in the absence of that additional infor-
mation.

Implications for Modeling

The implications of knowledge-related
uncertainty in general have been recognized in the
engineering sciences for almost as many years as
humankind has tried to predict the future perfor-
mance of engineered structures. Many methods,
including sensitivity studies, bounding calcula-
tions, and Monte Carlo analyses, have been devel-
oped in efforts to make more robust engineering
predictions of “successful” performance. However,
the distinction between, and the interplay of uncer-
tainty (as a state of imperfect information, resulting
from less-than-complete observation) and spatial
heterogeneity (as a state of being, unaffected by the
availability or lack of information) becomes abso-
lutely critical in the application of predictive engi-
neering methods to the geologic environment.
Natural earth materials are, in fact, heterogeneous
to a far greater extent than most conventional mate-
rials of engineering interest. Property heterogene-
ity affects the operation of physical processes. The
impact of that heterogeneity on the numerical
approximation of physical processes is only com-
pounded by our geologic uncertainty. Incomplete

information must be accounted for in predictive
modeling; so also must be the effects of material
properties that are different in different physical
locations. Improper conceptualization and treat-
ment of spatial heterogeneity in the predictive
modeling of physical processes may produce
wholly inappropriate results.

We explicitly acknowledge that there are
many other sources of uncertainty relevant to engi-
neering prediction. For example, knowledge of the
true material properties of any sample, or more
generally of the in-situ rock at any observed loca-
tion, is uncertain because of issues related to the
sampling and/or observation/measurement process
itself. However, we also hold that for many rock
material properties of interest at the Yucca Moun-
tain site, these non-geologic sources of uncertainty
are of lesser importance than the fundamental spa-
tial heterogeneity of a major volcanic pile that was
emplaced over millions of years and which has
been altered by at least two overlapping geochemi-
cal processes, faulted, tilted, submerged in part
beneath the water table, and partially altered again
over the course of some ten million years and
more. Furthermore, there are methods for quantita-
tively addressing at least some of the uncertainty
concerns associated with measurements of the
material properties.

This report—which outlines one particular
approach to the exhaustive description of material
properties for use in modeling coupled physical
processes involving ground-water flow, the redis-
tribution of heat from emplaced nuclear waste, and
the transport and ultimate fate of potential radionu-
clide contaminants—is based on the premise that
the material properties extant at Yucca Mountain
are, to a first-order approximation, controlled by
the operation of quasi-deterministic geologic pro-
cesses related both to the original emplacement of
the rocks and to their subsequent alteration in min-
eralogy, composition, and position. These deter-
ministic geologic processes are only partially
understood, and the prediction of the specific prop-
erties prevailing at any specified position within
the site area is further complicated by incomplete
physical sampling and observation. We thus
address the resulting geologic uncertainty in our
material property predictions through a stochastic,



 Geologic Heterogeneity, Uncertainty, and Modeling of the Yucca Mountain Site 5

or Monte Carlo statistical, approach. We provide a
number of alternative numerical representations of
the material properties at Yucca Mountain, all of
which are more or less consistent with the observed
measurements at the locations of those measure-
ments, and which vary away from the locations of
observations in a manner that is consistent with the
overall statistical character (both univariate and
spatial) of the data. The net result of this modeling
activity is a suite of numerical models that are
indistinguishable from reality on an objective,
quantitative basis, given the available data.

We acknowledge that other conceptual
approaches to providing similar exhaustive
descriptions of material properties at the Yucca
Mountain site are not only possible, but may be
desirable for several reasons. These reasons
include: (1) (quasi-)independent confirmation that
the general distribution of properties ultimately
used in downstream physical-process modeling
activities is geologically reasonable, (2) the use of
such models in preliminary, bounding, or sensitiv-
ity calculations, and — to no small extent — (3) as
a matter of computational tractability of those
downstream modeling efforts. Also, the specific
models created for this report may be inappropriate
for a particular physical-process modeling by sim-
ple virtue of the fact that these rock property mod-
els were generated using a relatively coarse grid
spacing.† We believe, however, that the models

presented in this report, and the underlying
descriptions of the spatial variability and geologic
uncertainty that these models summarize (albeit in
perhaps crude form), arguably represent the most
detailed and comprehensive integration of informa-
tion for these material properties that has been
undertaken to-date as part of site characterization
activities (DOE, 1988) at the Yucca Mountain site.
Furthermore, we believe that the evaluation and
incorporation of insights gained from these exhaus-
tively descriptive rock property models into what-
ever model descriptions are ultimately used in
viability and licensing analyses will lead to more
geologically accurate, and hopefully more defensi-
ble, performance modeling of the potential nuclear
waste repository at Yucca Mountain.

†A distinction needs to be drawn between the simple 
modeling of material property values on a coarse 
grid and the physical-process-dependent upscaling 
of multiple small-scale material property measure-
ments to represent the “effective” property of a 
larger-scale 3-dimensional volume. This report pre-
sents models of what are essentially small-scale 
“observations” (core plugs or downhole geophysi-
cal-log volumes) distributed at regular locations 
within the subsurface of the Yucca Mountain site 
area. The upscaling of these (or any other) property 
values for Yucca Mountain is beyond the scope of 
this report. McKenna and Rautman (1996) provide a 
literature review and a relatively comprehensive 
evaluation of a number of scaling techniques and 
approaches.
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DEVELOPMENT OF THE MODELS

Conceptual Approach

Construction of the three-dimensional rock
properties models described in this report has been
guided by the related but philosophically separate
concepts of heterogeneity and uncertainty
described in the preceding section. The models
attempt to make maximum use of “deterministic”
genetic processes to constrain the extrapolation, or
“expansion” (Journel and Alabert, 1989) of mea-
sured property values away from the physical loca-
tions of those measurements. The effort to capture
genetic processes as they relate to material proper-
ties has led to the separation of the geologic col-
umn of interest into several discrete geologic units,
each of which is internally more “homogenous” in
some identifiable manner than subdivisions based
on other criteria. An interpretation that the material
properties of the rocks are controlled principally by
the original genetic geologic processes and that
much of the post-depositional alteration that has
produced second-order variability in properties
occurred before tectonic tilting and faulting sug-
gests that the influence of such deformation should
be discounted in the modeling process. We have
adopted the concept of using a stratigraphic coor-
dinate system during the modeling process, as dis-
tinct from a real-world coordinate system that
describes the present-day location of points within
the several geologic units. Because measurements
of most material properties of the site are quite lim-
ited in number and spatial distribution, we employ
the concept of porosity-as-a-surrogate in order to
use relatively abundant and widely distributed (in
three dimensions) porosity/density data as a first
approximation of the geologic heterogeneity of the
site. Furthermore, we attempt to integrate measure-
ments of porosity from all available sources to pro-
vide a unified three-dimensional representation of
the entire Yucca Mountain site area. A schematic
flow diagram capturing the major steps and inter-
mediate products of this modeling effort is pre-
sented in figure 2. Details of the various entities
shown in the figure are described at greater length
in the sections that follow.

Separate Modeling of Distinctive Geologic 
Units

Rock properties models have been created
for three distinctly different geologic units: the
upper Paintbrush nonwelded (PTn) unit, the
welded portion of the Topopah Spring Tuff (TSw),
and the combined Calico Hills-Prow Pass interval
(CH-PP). The relationship of these three geologic
units to both the “official” Project conventional
stratigraphic nomenclature and selected histori-
cally used stratigraphic names is presented graphi-
cally in table 1. All of the model units are Miocene
in age.

Note that the stratigraphic units selected for
separate rock properties modeling efforts do not
coincide with the breaks between genetic “pack-
ages” of rock, which at Yucca Mountain are typi-
cally collections of virtually coeval pyroclastic
flow deposits associated with a major volcanic
event such as a caldera-collapse sequence. How-
ever, the available measurements of material prop-
erties indicate that the modeling units as defined
here are more “homogeneous” (consistent) inter-
nally than are the major genetic packages. This
internal homogeneity is shown for two well-char-
acterized drillholes in figures 3 and 4. In this
respect, we follow the precedent of Ortiz and oth-
ers (1985), who originally defined the PTn and
TSw units based on material property distinctions
(table 1). A majority of past performance modeling
exercises (Dudley and others, 1988; Barnard and
Dockery, 1991; Barnard and others, 1992; Wilson
and others, 1994; Atkins and others, 1995) have
also subdivided the rock column at Yucca Moun-
tain according to material-property-based classifi-
cations.

Specifically, segregation of the welded por-
tion of the Topopah Spring Tuff from the over- and
underlying partially to nonwelded portions of the
Topopah Spring Tuff as a whole, groups together
typically densely welded rocks of low porosity,
high bulk density, low saturated hydraulic conduc-
tivity, and high thermal conductivity (figs. 3, 4).
The overlying partially to nonwelded tuffs at the
top of the Topopah Spring Tuff are combined with
the equally nonwelded, high-porosity, low density,
high hydraulic conductivity and low thermal con-
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Figure 2.  Schematic representation of the modeling process used in this study. Boxed entries are 
“activities,” unboxed entries are input or output “products.”
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ductivity materials conventionally assigned to the
Pah Canyon and Yucca Mountain Tuffs and their
associated “pre-unit bedded tuff” intervals, to form
the upper Paintbrush nonwelded unit. Reworked
materials (“bedded tuff”) and nonwelded to par-
tially welded rocks formally associated with the
lowermost part of the stratigraphically higher Tiva
Canyon Tuff (table 1) are also aggregated as part of
the PTn model unit. 

The welded portion of the Tiva Canyon Tuff
(unit TCw of Ortiz and others, 1985; table 1) was
not modeled as part of the current study for several
reasons. First, the Tiva Canyon welded unit, which
forms the vast majority of the surface exposures in
the vicinity of the potential repository, is exten-
sively fractured, and infiltrating ground water
appears to flow rapidly through these fractures to
the general stratigraphic level of the upper Paint-
brush nonwelded (PTn) model unit (Flint and oth-
ers, in review†). Because of this dominance of flow
by fractures, detailed modeling of matrix properties
in the TCw model unit would appear to be of lesser
value by comparison. Flint and Flint (1994) and
Hudson and Flint (in prep.)‡ also demonstrated that
distinctions between bedrock exposures and areas
covered by alluvium/colluvium, when combined
with topographic/morphologic categories (ridge
crest, sideslope, valley bottom, north-facing slope,
south-facing slope, etc.), provided by far the most
significant control of infiltration. Second, because
the vast majority of deep drillholes at Yucca Moun-
tain have been located in the bottoms of washes for
logistical reasons, there are only a handful of holes
that provide penetration of meaningful sections of
Tiva Canyon Tuff. Attempts to describe spatial
variations in much of the Tiva Canyon welded unit
consequently would depend on extremely sparse
data resulting in very large uncertainties in the

modeled values except immediately adjacent to
those few drillholes. A third reason for the decision
not to model the Tiva Canyon welded unit explic-
itly involved limits on the resources available for
the modeling effort.

The decision to model the lowermost non-
welded to partially welded units of the Topopah
Spring Tuff together with the immediately underly-
ing nonwelded Calico Hills Formation is based on
material-property similarity. Figures 3 and 4
clearly indicate that the lower contact of the for-
mally defined Topopah Spring Tuff (Tpt), which is
stratigraphically below the prominent less-than-5-
percent-porosity interval at a depth of
approximately1200–1280 feet (SD-7, fig. 3) and
1350–1400 feet (SD-9, fig. 4), respectively, is gra-
dational. Most of the transitional increase in poros-
ity has more affinity to the generally high-but-
variable nature of the porosity values that underlie
the transition than to the uniformly low porosity
values above that transition. The porosity of the
ash-flow tuffs (approximately upper two-thirds) of
the Calico Hills Formation (Tac) is uniformly high
at approximately 30 percent; however, the basal
“bedded tuff” and tuffaceous sandstone portions
(approximately lower one-third) of the Calico Hills
exhibit more variable porosity profiles.

The decision to include rocks of the Prow
Pass Tuff in a combined “Calico Hills–Prow Pass”
model unit was influenced by a combination of
geologic and pragmatic factors. Geologically, as
indicated by the porosity profiles of figure 3 and 4,
values from within the Prow Pass Tuff (Tcp) are
generally high, but most definitely variable. Previ-
ous material-property-based stratigraphic classifi-
cations of the Prow Pass interval (for example,
Ortiz and others, 1985; Schenker and others, 1995)
have recognized two separate nonwelded strati-
graphic units separated by a partially to moderately
welded interval (CFUn–PPw–CFMn; see table 1).
However, the variability and segregation of high
and low porosity values into a coherent “welded”
unit is not consistent from drillhole to drillhole. For
example, figure 4 is a porosity profile from drill
hole USW SD-9, and the two lower-porosity zones
from figure 3 (at about 1820–1850 ft; 2000–2100
ft) simply are not present. The generally-high-but-
inconsistently-variable nature of this combined

†Flint, A.L., Hevesi, J.A., and Flint, L.E., in review, 
Conceptual and numerical model of infiltration for 
the Yucca Mountain area, Nevada: intended for pub-
lication as U.S. Geological Survey Water-Resources 
Investigations Report.

‡Hudson, D.B., and Flint, A.L., in prep., Estimation of 
shallow infiltration and presence of potential fast 
pathways for shallow infiltration in the Yucca Moun-
tain area, Nevada: intended for publication as U.S. 
Geological Survey Water-Resources Investigations 
Report.
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Table 1: Comparison of stratigraphic terminology for volcanic rocks at Yucca Mountain and encountered on 
the Yucca Mountain Site Characterization Project (no scale) showing modeling units used in this work.

Modeling Units 
Used in this 

Report

PTn

TSw

CH-PP

(not modeled)

(not modeled)

(1996)

Proposed Zonation
of Buesch (1996);
also Moyer and 
Geslin (1995)

Newer Hydrologic
Zonation (Flint,
written comm.,

1997)
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Calico Hills–Prow Pass stratigraphic interval thus
is the defining characteristic of this modeling unit.
An additional factor is that as one proceeds deeper
into the volcanic pile of Yucca Mountain, the quan-
tity and spatial density of the available data
decrease markedly (see, for example, table 4 on
page 16). Rather than attempt to deal separately
with two generally-high-but-inconsistently-vari-
able porosity units, we have elected to combine the
two formal geologic units to achieve larger statisti-
cal mass.

Stratigraphic Coordinates

Each of the three major lithologic intervals
described in this report has been modeled in a unit-
specific stratigraphic-coordinate system (fig. 2)
that reflects the original, pre-faulting depositional
continuity of the involved ash-flow and air-fall tuf-
faceous deposits, as illustrated schematically in fig-
ure 5. Stratigraphic coordinates use the same east-
west and north-south coordinates (Nevada state
plane coordinate system, defined in feet†) as the
drill hole from which the relevant data were
obtained. However, the “stratigraphically vertical”
coordinate of a sample is represented as the relative
fractional position of that sample within the thick-
ness of the entire unit at that location (after Gomez-
Hernandez and Srivastava, 1990). The logic under-
lying the development and use of a stratigraphic
coordinate system is as follows.

As shown in part (a) of figure 5, regions of
varying material properties are presumed to have
been emplaced or otherwise formed by various
alteration processes in an essentially stratiform
manner. At Yucca Mountain, the volumetrically
dominant rocks were formed by deposition by
pyroclastic flows to form thick ash-flow sheets that

thin laterally away from their source. Thus, there is
a tendency for these regions of somewhat similar
material properties to occupy roughly the same rel-
ative vertical position within a unit. Later faulting
as part of Basin and Range tectonism disrupted the
originally continuous volcanic rocks and tilted the
rock units, with their contained material properties,
toward the east, as indicated in part (b) of the fig-
ure. Modeling of those rock properties is illustrated
in part (c) of figure 5. The vertical locations of drill
hole samples are specified within the stratigraphic
coordinate system as a fractional distance where
the base of the unit is assigned a distance of zero
and the top of the unit is assigned a distance of one.
Stratigraphic coordinates are thus dimensionless.  

As also suggested by the mesh of intersect-
ing dotted lines in the right-hand portion of part (c)
of figure 5, a regular rectangular modeling grid is
defined within each stratigraphic coordinate sys-
tem. Because the various material property zones
have been stretched or compressed vertically so
that the overall stratigraphic thickness of the unit is
constant, defining the modeling grid within this
framework generally positions nodes within similar
materials on a stratigraphically “horizontal” plane.
This repositioning of similar materials in similar
relative locations greatly simplifies the search for
data in the neighborhood of an unsampled location,
as shown conceptually by the search ellipse in part
(c) of figure 5. Although it is possible to rotate the
principal direction of the search ellipse to match
the overall tectonic dip of the unit [see part (b) of
the figure], it is virtually impossible to modify the
search strategy to account for offset of the material
property zones by discrete faults. For an example
of material-property artifacts produced by this type
of uncompensated fault displacement, see cross
sections published by Rautman and Robey (1994).

At the end of a modeling exercise, the trans-
formation process between parts (b) and (c) in fig-
ure 5 is reversed by assigning each grid node a
computed vertical position derived from knowl-
edge of the structure contour model for the top of
each unit and the spatially varying thickness of
each unit. These values are obtained from the inde-
pendently developed, three-dimensional geologic
framework model (Clayton and others, 1997).
Although this framework model is necessarily

†Nevada state plane coordinates, which are defined in 
feet, are widely used on the Yucca Mountain Project. 
These coordinates are for the central zone of 
Nevada, and they are based on a Transverse Merca-
tor projection. The origin of this projection for the 
central zone of Nevada is latitude 34�47’N., and the 
central meridian is at longitude 116�40’W. Note that 
metric conversions of Nevada state plane coordi-
nates are distinct from metric coordinates obtained 
using the 10,000 metre Universal Transverse Merca-
tor grid, Zone II. To obtain metric-converted Nevada 
state plane coordinates, divide feet by 3.281.
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interpretive, the use of all available drillhole infor-
mation, and the existence of regionally continuous
thickness trends within the volcanic rocks at Yucca
Mountain, combined with a rigorous volumetric
modeling technique, ensures that the three-dimen-
sional representation of the several rock units is
geologically plausible and internally consistent.

In practice, implementation of the strati-
graphic-coordinate concept is slightly more com-
plicated than the idealized example of figure 5.
First, sample locations are typically specified in
terms of their depth within a specific drillhole (the
drilling procedure measures all locations from the
collar of the hole, regardless of the physical eleva-
tion of the hole and its contained samples). Thus,

the measured depths were converted to strati-
graphic depths initially, and only to stratigraphic
elevations at the time of modeling. Second, for rea-
sons involving principally numerical precision
within the computer programs that implement the
actual rock properties modeling algorithm(s), the
fractional stratigraphic positions indicated in figure
5(c) are multiplied by an arbitrary unit-specific
scaling constant to obtain values that approximate
the nominal thickness of the different units in the
real world. Additionally, unlike the two-dimen-
sional example shown in figure 5, actual modeling
was conducted in full three-dimensional space.

Finally, the issue arises regarding how to
treat samples from a drillhole that fails to penetrate

Figure 5.  Conceptual illustration of the construction and use of stratigraphic coordinates. (a) Rock unit is 
formed by areally extensive volcanic (or sedimentary) processes. Zones of differing rock properties 
(shaded colors) are formed in a stratiform manner. (b) Tectonic deformation tilts and disrupts original 
stratiform continuity by faulting. (c) Modeling unit is returned to an approximation of original continuity in a 
rectangular coordinate system in which all vertical distances are measured as a fractional position 
measured from the top or bottom of the rock unit.

(a)

(b)

(c)
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the entire thickness of the geologic unit in question
(represented by the drillhole at the left-hand side of
figure 5). Clearly it is inappropriate to assign a
stratigraphic elevation of zero to a sample obtained
from the very bottom of the hole itself, as the mate-
rials at this elevation in general are not representa-
tive of materials at the very base of the unit here or
elsewhere. Yet without drilling deeper, the distance
between the foot of the hole and the true base of the
unit is unknown. Such situations have been recon-
ciled by inferring the base of the unit in question
from the framework geologic model of Clayton
and others (1997) and adjusting the fractional posi-
tion accordingly. The presumption is that the base
of the unit projected from the framework model is
a reasonable approximation of the unknown true
position at that location. 

Use of Porosity as a Surrogate

The concept of using abundant porosity data
as a surrogate for modeling the spatial variability
of other properties, which are by comparison
almost universally undersampled at Yucca Moun-
tain, is not new. The technique has been reported
by Longenbaugh and others (1995), Rautman
(1995, 1996), and Altman and others (1996), and
the technique was described explicitly by Flint and
others (1996a). However, this report provides the
first detailed description of porosity-as-a-surrogate
in the joint modeling of multiple properties in three
dimensions. In this study, we have used porosity to
model the spatial distributions of (1) bulk density,
(2) saturated hydraulic conductivity, and (3) ther-
mal conductivity. 

The concept of porosity-as-a-surrogate is
based on empirically observed correlations of sec-
ondary material properties, often actually of
greater modeling interest than porosity itself, that
are less-well sampled. A consequence of such
undersampling is that the spatial variability of the
undersampled variable cannot be described confi-
dently on a stand-alone basis, let alone such that
the joint spatial continuity patterns of the two (or
more) variables can be reproduced simultaneously.
It is important to understand that modeling the spa-
tial distribution of several material properties with-
out properly considering the inter-variable
correlations can lead to highly unrealistic input to

physical-process modeling codes, which in turn
can lead to highly unreasonable estimates of per-
formance parameters. Simply sampling randomly
from separate (univariate) probability density func-
tions may easily produce such un-physical combi-
nations as a low porosity–low thermal
conductivity–high hydraulic conductivity tuff. The
severity of the consequences of neglecting cross-
variable correlations in modeling spatially variable
domains increases as physical-process modeling
attempts to capture multiple coupled processes (for
example, Francis and others, 1996†). 

Using porosity as a surrogate for various
other material properties in modeling Yucca Moun-
tain is supported by consideration of the physics
involved in the site-specific rock units being mod-
eled. For example, for a given rock type, increasing
the volume of pore space must decrease the bulk
density of the rock mass. The part of the rock that
“isn’t there” is available to hold fluids but it con-
tributes nothing to the total mass contained within
a unit volume of material: the definition of bulk
density. Again for a given rock type, the conduc-
tion of heat energy through the material is directly
related to the density (or, inversely, the pore space)
of the material. All else being equal, a higher
porosity–lower density tuff will conduct heat less
readily, leading to a lower measured thermal con-
ductivity value. Note here that it is the total amount
of void space in a rock that affects thermal conduc-
tivity, not simply the amount of pore space that is
conducting water within the unsaturated zone. 

And finally, although hydraulic conductivity
is not generally well correlated with porosity
across many classes of soils and/or rock materials,
the empirical observation at Yucca Mountain is that
this correlation is quite strong within limited
groupings of lithologic types. Specifically, both
welded and nonwelded lithologies appear to be
associated with a continuum of saturated hydraulic
conductivity values; see also the section on Satu-

†Francis, N.D., Mishra, S., Ho, C.K., Arnold, B.W., 
Bandurraga, M., Wu, Y., Statham, W. H., and Zhang, 
H., 1996, Thermo-hydrologic modeling of the 
potential repository at Yucca Mountain using a 3-D 
site-scale unsaturated-zone model, Level 3 Mile-
stone Report T6533, Yucca Mountain Site Charac-
terization Project.
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rated Hydraulic Conductivity beginning on page
35. Evidently, unless affected by some additional
physical process (such as zeolitic or other alter-
ation), there is a relatively strong relationship
between progressive, overall reduction in porosity
and the progressive reduction in the average diame-
ter of the passages between interconnected pores
(which is what exerts principal control on the flow
of water through the existing pore space) across
this continuum of nonwelded to densely welded
materials. Conversely, a genetic process that
changes the diameter and/or geometry of the pore
throats, while not commensurately filling in the
total quantity of void space, can reduce the hydrau-
lic conductivity of the rock by orders of magnitude
while leaving the porosity essentially unchanged.
In fact, both of these cases are observed and mod-
eled for Yucca Mountain.

Geostatistical Methods

We have used selected geostatistical methods
(fig. 2) to create the exhaustive material property
descriptions described on page 1 using the avail-
able data from the Yucca Mountain site. Geostatis-
tical methods in general are one of a variety of
methods for distributing attributes in space. A fun-
damental principle underlying all geostatistical
techniques is the quantification and use of some
measure of spatial correlation, which may be
defined informally as the degree to which samples
“close” to one another resemble each other more
than do samples “far” away from each other.
Because of this emphasis on identifying, quantify-
ing, and using the spatial continuity of rock proper-
ties in creation of the exhaustive material property
models required for modeling of ground-water
flow and radionuclide transport at the Yucca
Mountain site, geostatistical methods are broadly
compatible with the guiding principles summarized
in the section on Geologic Heterogeneity, and
more particularly on page 3. Furthermore, unlike
many other methods for predicting the material
property attributes of a large volume from direct
observation of a relatively minuscule fraction of
that material, geostatistical methods offer a quanti-
tative and more-or-less rigorous approach to the
issues of knowledge-based uncertainty discussed
on page 3. Addressing uncertainty issues is particu-
larly important at Yucca Mountain because of the

ultimate regulatory decision regarding potential
licensing of an actual nuclear-waste repository at
the site.

Within the purview of geostatistical methods
are two broad classes of algorithms for predicting
attributes at unsampled locations constrained by
some limited set of actual measurements: estima-
tion and simulation. Geostatistical estimation is
focused on the prediction of the attribute values
most likely to be encountered at a given spatial
position, and may be thought of as modeling the
expected value of a variable of interest. Geostatisti-
cal estimation is most frequently described using
the term, kriging, named after one of the early
practitioners of this approach. In effect, kriging is
simply a weighted-average interpolation method
using some neighborhood of relevant data. What
distinguishes kriging (and geostatistical methods in
general) from other interpolation algorithms using
averages of relevant data is two-fold. First, kriging
is the only interpolation method that also provides
a quantitative measure of the associated least-
squares estimation error (via the kriging variance;
see Isaaks and Srivastava, 1989). Second, is that
estimates are computed using a data-specific
weighting scheme based on the geostatistical (geo-
logical) distance of the point being estimated from
the surrounding measured values. Note that this
“distance” is not necessarily equal to the simple
Euclidean distance between two points. In contrast,
one non-geostatistical method simply assigns all
the weight to the nearest neighboring data point to
an estimated location, an approach that results in
interlocking irregularly shaped polygons of uni-
form attributes throughout the model domain.
Another common method involves arbitrarily
weighting nearby data in inverse proportion to their
straight-line distance to the point being estimated
(i.e., closer points receive more weight as they are
“believed” to be more relevant than data located
farther away). In some implementations of this
class of inverse-distance techniques, the weighting
function decreases as the square of the distance. A
common thread connecting all estimation method-
ologies is that they are interpolation techniques
directed toward producing a model in which the
estimated values grade progressively and smoothly
away from the data locations and away from one
another.
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The other broad class of geostatistical meth-
ods comprises a variety of simulation algorithms.
These techniques are conceptually equivalent to the
Monte Carlo simulation process frequently
employed in engineering analyses. In common
with other Monte Carlo simulation approaches, the
emphasis is less on the specific predicted values,
which are in effect simply the products of a random
number generator with certain “desirable” proper-
ties, and much more on evaluation of the uncer-
tainty associated with some performance measure
computed to represent the behavior of the modeled
system. This process is portrayed schematically in
figure 6. Because of the need to capture spatial cor-
relation, geostatistical simulation effectively
amounts to drawing entire material property mod-
els (as intact objects because of the need to main-
tain spatial correlation among the values) from
some hypothetical “distribution” of alternative
“realities.” Each of these individual realizations or
stochastic images of reality is then evaluated
through some type of relevant transfer function (for
example, a radionuclide-transport computer code)
and the likelihood of various acceptable vs. unac-
ceptable performance responses is evaluated. 

Model Domain

The geographic region for which material
properties models were created is the “extended
site area,” as shown in figure 7 (see also fig. 1).
This region extends generally from north of Yucca
Wash to south of Busted Butte, and from the gen-
eral vicinity of Fatigue Wash and Windy Wash on
the west to east of Alice Ridge, Fran Ridge, and
Busted Butte. The modeled domain was selected to
coincide as closely as geologically reasonable with
the “extended” site-scale unsaturated zone flow
model being developed by researchers at Lawrence
Berkeley Laboratory (“LBL”; Wittwer and others,
1995; Bodvarsson and Bandurraga, 1996†). The
outline of the LBL unsaturated flow model domain
is also indicated in figure 7, as is the location and

extent of the geostatistical modeling grid used in
this study. 

Definition of the geostatistical modeling grid
in this study was closely tied to the location and
nominal grid spacing of the LBL numerical process
model grid (table 2; T.M. Bandurraga, LBL, writ-
ten communication, 1996; see also fig. 5.3.1 of
Haukwa and Chen, 1996‡, in Bodvarsson and
Bandurraga, 1996). Details of the geostatistical
grid are presented in table 3. 

Available Data

The data used in modeling the spatial vari-
ability of material properties in this report were

†Bodvarsson, G.S., and Bandurraga, T.M., eds., 1996, 
Development and calibration of the three-dimen-
sional site-scale unsaturated zone model of Yucca 
Mountain, Nevada, 1996, Milestone Report OB02, 
Lawrence Berkeley National Laboratory, Berkeley, 
Calif.

‡Haukwa, C., and Chen, G., Grid generation and analy-
sis, Chapter 5 in: Bodvarsson, G.S., and Bandurraga, 
T.M., eds., 1996, Development and calibration of the 
three-dimensional site-scale unsaturated zone model 
of Yucca Mountain, Nevada, 1996, Milestone Report 
OB02, Lawrence Berkeley National Laboratory, 
Berkeley, Calif.

Figure 7.  Location of the extended site area at 
Yucca Mountain, the LBL extended site scale flow 
model domain, and the model grid for this study.
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obtained from a number of sources (Appendix A),
including both laboratory measurements of core
samples and down-hole petrophysical measure-
ments of in-situ rocks. Only surface-based drill
holes have been used in the current modeling exer-
cise, as the large areal extent of the model and the

requirement that the vertical position of all data be
expressed in stratigraphic coordinates effectively
precluded the use of samples from the underground
workings of the Exploratory Studies Facility. The
location of the various drill holes used in modeling
each separate geologic unit are shown in figures 8
through 10. Note that although there is major con-
sistency of the drill hole coverage from unit to unit,
the suite of holes that contain data relevant to the
rock properties of any particular model unit is
unique. The identity and Nevada state-plane coor-
dinates of the specific holes used in each separate
modeling exercise are given in table 4. Data-track-
ing numbers associated with all data values are tab-
ulated in Appendix A.  

Table 2: Nevada state plane coordinates for the 
origin of the rock properties modeling grid and the 
LBL site-scale unsaturated zone flow model
[southwestern-most corner of each model]

Easting Northing

(m) (ft) (m) (ft)

167,580.0 549,829.98 225,280.0 739,143.68

Table 3: Geostatistical modeling grid-specification parameters
[n/a–not applicable]

Grid Direction
Midpoint

(ft/m)
Spacing

(ft/m) N Total Nodes

Model X
(Easting)

550,240.105
167,705.000

820.250
250.000

37 n/a

Model Y
(Northing)

739,553.805
225,405.000

820.250
250.000

49 n/a

Model Z
(Stratigraphic

Vertical)

PTn
3.281
1.000

6.562
2.000

30 54,390

TSw
16.405
5.000

32.810
10.000

31 56,203

CH-PP
16.405
5.000

32.810
10.000

25 45,325

Table 4: Drill holes used in modeling rock material properties 
[Age Designator (for petrophysical data): O– “older” hole; M–“modern” hole; N–State of Nevada drillhole.
Data-availability codes: F–full penetration of unit; P–partial penetration; leaders (--)–no penetration. Location data 
taken from Clayton and others, 1997]

Drill Hole ID Nevada State Plane

PTn TSw CH-PP(USW- or
UE-25)

Age
Easting

(ft)
Northing

(ft)

G-1 O 561000.5 770500.2 F F F

G-2 O/M 560503.9 778824.2 P F F

G-3 O 558501.0 752690.0 F F F

G-4 O 563081.6 765807.1 F F F

H-1 O 562388.0 770254.3 -- F F

H-3 O 558451.7 756542.1 F F F
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Figure 6.  Conceptual representation of a Monte Carlo process incorporating geostatistical simulation 
techniques as the basis for assessing the impact of geologic uncertainty on a performance measure 
relevant to licensing of a geologic repository. A “transfer function” is any post-simulation mechanism for 
computing a measure of performance across the suite of replicate stochastic simulations.
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Figure 8.  Drill hole locations used in modeling the PTn model unit.
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Figure 9.  Drill hole locations used in modeling the TSw model unit.
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Figure 10.  Drill hole locations used in modeling the CH-PP model unit.
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H-4 O 563911.1 761643.6 F F P

H-5 O 558908.7 766634.3 F F F

H-6 O 554074.9 763298.9 P F F

NRG-4 M 566820.0 767080.2 P -- --

NRG-5 M 564187.2 766726.3 -- P --

NRG-6 M 564187.2 766726.3 F P --

NRG-7 M 562984.1 768880.0 F F P

ONC-1 N/M 568092.9 759257.3 F F P

p#1 O 571484.5 756171.2 -- F F

SD-7 M 561240.3 758949.9 F F F

SD-9 M 561818.0 767999.0 F F P

SD-12 M 561606.0 761957.0 F F F

UZ-4 M 566139.3 768715.6 F P --

UZ-5 M 566135.2 768591.0 F P --

UZ-7A M 562270.0 760693.0 F -- --

UZ-14 M 560141.3 771309.4 P F F

UZ-16 M 564857.5 760535.2 F F P

WT-1 O 563739.2 753940.6 F F F

WT-2 O/M 561923.6 760660.5 F F P

WT-3 O 573384.4 745995.1 -- P F

WT-4 O 568040.2 768511.8 F F P

WT-7 O 553891.3 755569.8 F F P

WT-10 O/M 553302.1 748770.9 F P --

WT-11 O 558376.8 739070.4 F F P

WT-12 O/M 567011.0 739725.9 F F P

WT-13 O 578756.7 756715.0 P P --

WT-14 O 575210.1 761650.6 -- P P

WT-15 O 579805.7 766116.6 F P --

WT-16 O 570394.9 774419.7 F F --

WT-17 O 566211.9 748419.6 F F P

WT-18 O 564855.0 771167.1 F F P

UZN11 M 559020.9 780573.9 P -- --

UZN31 M 562751.9 764245.7 F P --

UZN32 M 562799.6 764302.6 F P --

Table 4: Drill holes used in modeling rock material properties  (Continued)
[Age Designator (for petrophysical data): O– “older” hole; M–“modern” hole; N–State of Nevada drillhole.
Data-availability codes: F–full penetration of unit; P–partial penetration; leaders (--)–no penetration. Location data 
taken from Clayton and others, 1997]

Drill Hole ID Nevada State Plane

PTn TSw CH-PP(USW- or
UE-25) Age

Easting
(ft)

Northing
(ft)
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UZN33 M 561192.2 770069.9 P -- --

UZN34 M 561251.5 770158.7 P -- --

UZN37 M 563713.5 767499.1 F P --

UZN38 M 563343.1 767466.4 P -- --

UZN53 M 563343.1 767466.4 F P --

UZN54 M 564262.2 760272.0 F P --

UZN55 M 564248.3 760502.9 F P --

UZN57 M 560829.9 755164.5 -- P --

UZN58 M 560862.2 755240.4 -- P --

UZN59 M 560888.4 755321.3 -- P --

UZN61 M 560892.0 755375.9 P -- --

Table 4: Drill holes used in modeling rock material properties  (Continued)
[Age Designator (for petrophysical data): O– “older” hole; M–“modern” hole; N–State of Nevada drillhole.
Data-availability codes: F–full penetration of unit; P–partial penetration; leaders (--)–no penetration. Location data 
taken from Clayton and others, 1997]

Drill Hole ID Nevada State Plane

PTn TSw CH-PP(USW- or
UE-25) Age

Easting
(ft)

Northing
(ft)
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Measurement Methods

Core Samples

Laboratory measurements of porosity on
core samples are, perhaps, the most intuitively
understandable of the several types of porosity data
used in creating the material property models.
These measurements are performed on core sam-
ples approximately 1–3 inches (2–8 cm) long using
gravimetry and Archimedes’ principle for volume
determinations. This process has been described by
Rautman and Engstrom (1996a, b) and by Flint.†

Drying of samples as part of the porosity determi-
nation procedure was performed under two differ-
ent temperature–relative humidity conditions, and
this distinction is critical to the identification of
zeolite (and other hydrous-phase) alteration else-
where in the modeling sequence (fig. 2).

Relative-humidity-oven (RH) drying was
conducted at 60�C and a controlled relative humid-
ity of 65 percent. These environmental conditions
preserve most water that is structurally bound in
zeolite (and clay minerals) as well as a few-mole-
cule-thick layer of water surrounding the individual
mineral grains (Bush and Jenkins, 1970; Soeder
and others, 1991). None of this water is truly “free”
to participate in unsaturated-zone flow. Oven-dried
(OD) samples were dried at 105�C and uncon-
trolled ambient (but very low) relative humidity.
This stage of drying removes not only the loosely
bound “residual saturation” water, but also drives
off the majority of the water contained within the
crystal structures of zeolite and clay minerals.
Experimentation has demonstrated that these types
of mineralogic changes cause irreversible changes
in the measured hydraulic conductivity of the sam-
ples, which presumably are caused by differences
in pore-throat geometries before and after decrepi-
tation of the zeolite crystal structure.

A corollary of the differing porosity values
(and of other bulk properties as well; figs. 3, 4) that
are obtained through this progressive drying pro-
cess is that the presence of “significant” zeolite

and/or other hydrous-phase minerals can be identi-
fied to a first approximation without mineralogical
or petrographic analyses. For purposes of these
modeling exercises, “altered rocks” were defined
using the following relationship:

, (1)

where I(x) is a binary alteration indicator flag as a
function of spatial position, x, set to 1 in the pres-
ence of alteration, and where fOD and fRH are the
oven-dried and relative-humidity-oven-dried
porosity values respectively. The threshold of a
five-percent (0.05) higher OD porosity was
selected somewhat empirically, but the value is
intended to recognize that even completely unal-
tered rocks will retain some residual water coating
the mineral grains when dried at the RH condi-
tions. Use of a much lower threshold value leads to
a designation of altered rocks in stratigraphic inter-
vals that are known to be devoid of zeolite or
meaningful clay alteration (such as densely
welded, devitrified units in the Topopah Spring
Tuff). Values much higher than 5 percent appeared
to misidentify as unaltered, rocks within the Calico
Hills Formation that are known from X-ray diffrac-
tion studies to be zeolitized.

Petrophysical Data — “Older” Drill Holes

Inferred porosity values have been computed
using measurements from a suite of downhole geo-
physical instruments by Nelson (1996). The set of
data produced using this process involves the
“older” set of holes drilled at Yucca Mountain prior
to release of the Site Characterization Plan (DOE,
1988; see identifiers in table 4). Inference of in-situ
porosity values for the “modern” holes (table 4)
drilled as part of formal characterization of the
Yucca Mountain site is discussed in the next sec-
tion beginning on page 25 (see also fig. 2). A sche-
matic diagram showing the several different types
of porosity values, and their relationship to the core
measurements, is presented in figure 11.

The principal property from the older geo-
physical logging suite consists of total porosity,
which is defined by Nelson (1996) as:

, (2)

†Flint, L.E., in review, Matrix properties of hydrogeo-
logic units at Yucca Mountain, Nevada: intended for 
publication as U.S. Geological Survey Water-
Resources Investigations Report.

I x( )
1 fOD fRH 0.05+( )>←

0 Otherwise             ←
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

=

fT fw fa+=
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where fT is total porosity, fw is the “water-filled”
porosity (defined below), and fa is air-filled poros-
ity. The principal geophysical measurement used in
the computation of total porosity is the bulk density
log trace, which for the older drillhole suite is
derived from the gamma-gamma logging tool
based on backscattering of high-energy gamma
radiation from a source contained onboard the tool.
The observed bulk density, rb, of the in-situ rock is
a weighted combination of the densities of the min-
eral grains themselves and of the contained water
and air present in the formation. Within the satu-
rated zone, fa = zero (all porosity is water filled),
and the expression for bulk density (rb) is simply:

, (3)

which can be rewritten in terms of porosity as:

. (4)

where rw is the density of the pore water and rg is
grain density (note: rg is also known as particle
density). Note that equation 4 requires an estimate
of grain density at each location for which a poros-
ity measurement is desired. However, evaluation of
laboratory measurements indicate that grain den-
sity is effectively constant through large strati-
graphic intervals (e.g., middle columns of figs. 3,
4) at Yucca Mountain that can be independently
identified using core, cuttings, and the behavior of
both the raw density and other geophysical logs.
Nelson (1996) used values of rg as tabulated in

Use of the density log to determine total
porosity in the unsaturated zone is complicated by
the presence of two fluid phases (water + air) in the
pores of the rock. Above the static water level, the
relationship is thus: 

, (5)

where rg, rw, and ra are the densities of the min-
eral grains, water, and air (respectively). Nelson
(1996) neglected the last term in equation 5, as the
density of air, ra, is nearly zero (0.00123g/cm3) by
comparison with the other density factors (table 5).
We can rewrite the remaining terms of equation 5
as:

. (6)

(a) (b)

Figure 11.  Diagram illustrating the conceptual relationships among the various types of “porosity” 
described in this report. (a) Altered rocks; (b) all other nonwelded and welded rocks. Indicated quantities 
refer to variable names in the original (source) data files).

ρb ρg 1 fT–( ) ρwfT+=

fT

ρg ρb–

ρg ρw–
------------------=

Table 5: Grain density values used in computing 
porosity from older geophysical logs
[from Nelson, 1996]

Rock Type rg (g/cm3)

Glass 2.349

Vitrophyre 2.381

Nonwelded Tuff 2.587

Welded Tuff 2.540

Zeolitization (deep) 2.527

Zeolitization (shallow) 2.371

ρb ρg 1 fT–( ) ρwfw ρafa+ +=

fT 1
ρb

ρg
-----

ρw

ρg
------fw+–=
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Note that fw, the water-filled porosity, is simply the
volumetric water content of the rock if there are no
clays or zeolite minerals present in the rock matrix. 

Nelson (1996) also presented a method for
computing fw, which he termed the “hydrogen
index,” IH, using the calibrated response of the epi-
thermal neutron porosity (ENP) logging tool in air-
filled boreholes above the water table. The physics
underlying this measurement is that energetic
(“epithermal”) neutrons emitted by a downhole
source onboard the logging sonde are preferentially
“thermalized” or slowed by collision with hydro-
gen atoms in the formation. If zeolites and clays
are absent, virtually all hydrogen is present in the
form of pore water, and thus proper calibration of
ENP devices directly indicates volumetric water
content. The combination of responses from the
gamma-gamma density and ENP logging instru-
ments yields the desired total porosity via
equation 7:

, (7)

where fT´ is the apparent total porosity. If, how-
ever, water is present as a structurally bound com-
ponent of the mineral grain framework, the neutron
log will read higher than it would otherwise be for
a rock of the same porosity, IH will exceed fw, and
the apparent total porosity of the rock, fT  ́ will
exceed fT. by the amount of water contained in the
hydrous mineral phases. 

For purposes of the modeling described in
this report, we have adopted a convention for iden-
tifying such altered rocks in a manner very similar
to that applied to the laboratory measurements of
porosity in equation 1. Thus:

(8)

where I(x) is the again the binary alteration flag
from equation (1) as a position of spatial location,
x. It then remains to estimate the true total porosity,
fT for those intervals where the computed apparent
total porosity, fT´, reported in Nelson’s output files
is overstated.

Unfortunately, there appears to be no theo-
retically satisfactory estimator of true total porosity
available for the older suite of drill holes. We have
therefore adopted an approach that simply contin-
ues to use the computed total porosity values, fT´,
as the best estimator of fT. Reference to equations
6 and 7 suggests that the computed porosity value
is sensitive principally to the term rb/rg because
the bulk density of almost all rocks, rb, is typically
at least twice the density of water, rw (~1.00 g/
cm3). In addition to a necessarily smaller value for
the ratio rw/rg, this latter term is then multiplied by
the hydrogen index, IH, as a surrogate for the true
volumetric water content fw. Even in intensely
zeolitized rocks, IH is a fractional value (generally
less than 0.5), whereas the term involving bulk
density contains no such fractional multiplier.

Petrophysical Data — “Modern” Drill Holes

A somewhat different approach to the deter-
mination of porosity, and particularly to the identi-
fication of structurally bound water in alteration
minerals, was employed by Thompson and Rael
(1996) for the “modern” set of site characterization
boreholes (table 4). In addition to holes drilled
since 1988 (DOE, 1988), Thompson and Rael also
obtained new suites of logs in a small number of
selected “older” holes. This replication of logging
provides some basis for comparing the two sets of
petrophysical data, although it is clear that the
lapse of time between drilling and relogging
appears to have induced some changes downhole.

The fundamental relationship for determin-
ing total porosity, fT, is virtually identical to that
used by Nelson (1996). However, Thompson and
Rael substituted computed local values of rf (the
density of the formation fluid), for rw in equation
(4) (saturated zone) and for the terms

 in equation (5) (unsaturated
zone). Thus they write:

, (9)

where rb is the bulk density log-trace value as
before and rg(OD) is now the appropriate average
grain density of the rock type as estimated from
oven-dried laboratory samples (in the same or anal-
ogous drill holes). Nelson (1996) functionally used

fT f≈
T′ 1

ρb

ρg
-----

ρw

ρg
------IH+–=

I x( )
1 IH fT′ 0.05+( )>←

0 Otherwise        ←

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=
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ρg OD( ) ρf–
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105�C-dried grain density values in his calcula-
tions, but he did not explicitly use this term (see
also the definition of effective porosity, which fol-
lows). 

Thompson and Rael (1996) computed the
apparent fluid density for use in equation (9) from
the relationship:

, (10)

where all terms are as defined for equation (5).
Because equation (10) is, itself, dependent upon
fT, Thompson and Rael computed this value in an
iterative manner. 

The volumetric water-content parameter
(bulk water volume of Thompson and Rael), fw,
was calculated using the relationship:

(11)

where Sw is the water saturation obtained using the
appropriate conductivity (resistivity) log value in
the classical Archie (1942) equation:

. (12)

rather than by using calibrated ENP values, as did
Nelson (1996). In equation (12), Rt is the resistivity
of the formation (in ohm-meters, W-m) as mea-
sured by the deep induction log, Rw is the resistiv-
ity of the formation water (here approximately that
of pure water, ~20W-m), and a, m, and n are empir-
ically determined rock-typing constants (unit spe-
cific). Again, the interdependence of Sw and fT
requires the use of an iterative solution procedure
[combined with the solution of equation (10); note
that rock-typing is also a quasi-separate iterative
procedure as well]. Thompson and Rael did not
specify a convergence criterion for the iterative
solution for fT. Rather, they estimated fw initially
using an uncalibrated ENP log value (in fact cali-
brated to so-called “limestone” units, rather than
for tuff) and simply executed the iteration loop five
(5) times.

To determine the quantity of water structur-
ally bound in zeolites or other hydrous mineral

phases, Thompson and Rael computed a second
porosity value, feff, where:

 (13)

and rg(RH) is now the unit-averaged grain density
value determined through laboratory measure-
ments for relative humidity oven-dried samples.
Because the masses of samples dried under rela-
tive-humidity oven conditions include the mass of
structurally bound water, the feff value presumably
represents open void space in the rock. The “poros-
ity” thus represented by structurally bound water is
then obtained by difference:

 , (14)

where the “zeol” porosity subscript is simply short-
hand for “hydrated alteration minerals.” The com-
puted porosity values from the “modern” drill hole
suite were then processed to alteration indicator
flags using essentially the same methodology given
in equation (8):

. (15)

Comparison of Petrophysical Porosity Data

Comparison and evaluation of the two differ-
ent approaches to the petrophysical determination
of total porosity is complicated by separation of the
technique into “modern” holes vs. “older” holes.
Although no modern holes were logged using the
older-style downhole tools, four of the old holes
were relogged using the newer tools and resistivity-
based Sw analysis methods. These four holes
include three WT-series holes (WT-2, WT-10, and
WT-12), located principally in the south and south-
central portion of the site area, and drill hole G-2,
which is located in the northern part of the study
region (fig. 9). Scatter diagrams of total porosity
from these two different petrophysical data sets are
shown in figure 12(a) through (d). In each case, the
older set of values are plotted on the ordinate (vari-
able PhiT, in the original data files; fig. 11) and the
“modern” porosity values (variable POROTOT; fig.
11) along the abscissa. The values shown in the
crossplots are the original computed porosity val-
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ues computed at 0.5 ft (approximately 15 cm)
intervals downhole. 

It is not entirely clear that the exact same
vertical datum was identified and used for both log-
ging runs, as for some drill holes, the measure-
ments are separated in time by nearly two decades.
Although small differences in vertical alignment
may appear significant, given data on half-foot
centers, the consequent variations in porosity
resulting from misalignment are probably not very
substantial. Most drill pads were essentially
unchanged from their original condition, suggest-

ing that such standard alignment points such as top
of casing or ground level also would have been
essentially unchanged. Also, the volume of rock
interrogated by the geophysical logging tools is
roughly 2 ft (0.6 m) in diameter (L.E. Thompson,
Science Applications International Corporation,
written communication, 1996), even a vertical mis-
alignment of 2–3 sample positions would still
result in substantial overlap in the volume of mate-
rial being interrogated.
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Figure 12.  Comparison of petrophysical total porosity computed using two different sets of logging tools 
and two different data-reduction techniques from raw data acquired several years apart. Drillholes: (a) 
USW G-2; (b) USW WT-2; (c) USW WT-10; (d) USW WT-12. Light-grey line at 45� indicates one-to-one 
correspondence.
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Examination of the four scatterplots of figure
12 indicates that the correspondence between the
computed porosity values is not exact. The 45�
trend of the cross plots is unmistakable, indicating
clearly that both logging/data-reduction methods
are capturing essentially the same lithologic
effects. However, a plot such as figure 12(c) does
suggest that the values from one approach may be
systematically biased with respect to the other. In
this specific instance, the “older” porosity values
appear to be systematically higher than those
reported by the “modern” readings. However, it is
also clear that the passage of many years in what
were effectively unmaintained boreholes may well
have affected the in situ rocks such that both mea-
surements could be “correct.” To the extent that
observations made “soon” after drilling are more
realistic than measurements made decades later,
then neither set of the petrophysical porosity data
can be judged better or worse than the other, given
that the direction of comparison is only one way
(there are no old logs in the new holes). Note that
in figure 12(a), the direction of the systematic bias
appears to be in the other direction from that illus-
trated in figure 12(c), with the modern porosity val-
ues generally higher than the older ones. We will
return to this issue of systematic bias within drill
holes on page 51.

It happens that Thompson and Rael (1996)
were aware of the difference in computational
approach between their work and that of Nelson
(1996). Figure 13 presents a comparison similar to
that of figure 12, except that the “modern” porosity
value plotted is no longer POROTOT (see also fig.
11), but instead a variable labeled PORNEL (fig. 11)
as a mnemonic device indicating that it was deter-
mined using the ENP approach to computing fw of
Nelson. Note, however, that the two sets of ENP
logging tools were not necessarily calibrated in
exactly the same manner; the interested reader is
referred to the original references for details.

Note that the systematic downward bias of
the modern computed porosity values is noticeably
decreased for the older values from drillhole WT-2
[fig. 13(b)] compared with the modern values [fig.
12(b)]; the center of the cloud of data points now is
more closely bisected by the 45� line of one-to-one
correspondence. However, it is not evident that this

improved reproduction of the older measurements
in figure 13(b) is a general phenomenon associated
with the Nelson (1996) computational method. For
example, systematic bias is not eliminated: figure
13(c) appears just as biased as figure 12(c). Also,
the spread of the points, especially those farther
away from the 45� line is certainly no less in most
cases, and in some [compare fig. 12(d) with fig.
13(d)], the degree of scatter is in fact greater. 

In summary, the evidence does not appear to
be convincing that either logging or computational
method is clearly superior to the other. There is too
great a likelihood that actual physical changes
occurred in the formations penetrated by the four
drill holes between their initial logging (Muller and
Kibler, 1985; Nelson and others, 1991) and the
subsequent logging conducted by Thompson and
Rael (1996). Certainly, the lack of modern porosity
values for the vast majority of the WT- , G-, and H-
series drill holes leaves no alternative to the use of
the older data at these locations. 

Additional Processing of Petrophysical 
Porosity Data

As presented in figures 12 and 13, the petro-
physically derived porosity data were recorded at
uniform one-half-foot depth increments (a few
holes were recorded at only one-foot intervals).
The laboratory-measured core porosity values were
sampled on a nominal spacing of 3 ft (1 m),
although core recovery and other logistical factors
combined to render this nominal spacing by no
means exact. In order to maintain approximate par-
ity between the number of core samples and petro-
physical measurements per unit length of drill hole
(where each type exists), the petrophysical values
were resampled on a 3-ft spacing, producing a
somewhat less-variable profile, similar to the
example shown in figure 14. 

In addition to simply selecting the petrophys-
ical porosity values on 3-ft centers, the resampling
algorithm computed a simple average of the
adjoining measurements within plus and minus 1 ft
of the nominal depth value. This two-foot averag-
ing interval was based on the approximate diameter
of the physical volume of rock examined by the
gamma-ray logging tool. The use of such an aver-
aged porosity based on measurements that already
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“average” the pore space present over a much
larger sample volume than a core specimen has the
effect of reducing the overall variability of the
petrophysical porosity profiles. Although this
reduction of variance is not particularly desirable
in a statistically based study, this part of the resam-
pling process was developed intentionally to deal
with less-than-optimal downhole data. Addition-
ally, the petrophysical data are somewhat “spiky”

in their original form, even after corrections for
hole conditions.

A reality of downhole geophysical logging is
that hole conditions are commonly less than opti-
mal. The gamma-gamma density tool used as the
basis for the porosity calculations is a decentral-
ized tool, in which the logging sonde is purpose-
fully pressed against the side of the hole as the
instrument is pulled up the borehole. If the bore-
hole wall is particularly rough and irregular, as it is
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Figure 13.  Comparison of petrophysical porosity values computed using two different sets of logging tools 
using raw data acquired several years apart, but using essentially the same computational algorithm. 
Drillholes (a) G-2; (b) WT-2; (c) WT-10; (d) WT-12. Light-grey line at 45 � indicates one-to-one 
correspondence.
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more often than not at Yucca Mountain, particu-
larly in the welded Topopah Spring Tuff, the
gamma-ray source and/or the detector may sepa-
rate from the rock mass allowing the detection of
direct gamma radiation not backscattered by the
formation. Alternately breaking away from and
recontacting the borehole wall produces intermit-
tent very large-amplitude readings indicating func-
tionally zero density (infinite porosity). Although
such anomalous data spikes are quite readily iden-
tified, the protocol for processing the raw petro-
physical measurements into porosity values called

for replacing the meaningless values with a miss-
ing-value code (typically a very large negative
number), thus maintaining a sequence of regular
depth values rather than deleting the data point
entirely from the data set. As a consequence, an
automated resampling algorithm could easily
encounter a thick interval of spiky data and, simply
by the luck of the draw, produce a long sequence of
nothing but missing values, even though there were
many valid porosity values within the interval.

Statistical Description

Porosity

Upper Paintbrush Nonwelded (PTn) Model Unit

Porosity data obtained from the upper Paint-
brush nonwelded (PTn) model unit are portrayed in
histogram and cumulative distribution function for-
mat in figure 15. A statistical summary of these
data is given in table 6. Comparison of data for rel-
ative-humidity-oven and 105�C-oven dried sam-
ples, and of the total versus water-filled or effective
geophysical porosity indicates that there is a large
quantity of loosely bound structural water associ-
ated with some of the measured values. The impli-
cation is that hydrous-mineral alteration appears to
be significant in the PTn model unit. However, the
milestone schedule and defined scope of work for
fiscal-year 1997 modeling activities did not allow
separate investigation (and modeling) of altered
and unaltered portions of the PTn model unit. 

Topopah Spring Welded (TSw) Model Unit

Porosity values obtained from the Topopah
Spring welded (TSw) model unit are presented
graphically in figure 16; the corresponding statisti-
cal summary of these data is presented in table 6.
Examination of the raw porosity data indicates that
there are two different “porosity” values of interest
in modeling rock material properties: “matrix” and
“lithophysal.” Lithophysal porosity, as that term is
used in this report, is taken to mean the porosity of
volumes of rock many tens of centimeters in diam-
eter, such that the porosity effect of large (centime-
ter scale and larger) lithophysal cavities is
included. In contrast, the term matrix porosity is
used in this report to refer to the porosity equiva-
lent to that measured for laboratory core samples,
in which the size of the matrix pores is small

Figure 14.  Comparison of original 0.5- and 3.0-ft 
resampled petrophysical porosity profiles for a 
portion of drill hole UZ-16 containing both 
lithophysal and nonlithophysal welded tuff.
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enough that water is held in them under slightly
unsaturated (negative pressure) conditions. 

The difference between the two types of
porosity measurements is not trivial, as illustrated
in figure 17, a comparative down-hole plot of
matrix and lithophysal porosity data from drill hole
USW SD-7. Lithophysal porosity is indicated by

the dark solid curve, whereas the matrix porosity
values measured for core samples are indicated by
the lighter curve with filled-circle symbols. Note
the marked divergence of the porosity values indi-
cated by these two sets of data in two vertical loca-
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Figure 15.  Histograms and cumulative distribution 
functions of porosity values for samples from the 
PTn model unit.
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Figure 16.  Histograms and cumulative distribution functions of porosity for (a) matrix and (b) lithophysal 
porosity values from the TSw model unit.
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tions within the drill hole. In general, these zones
of divergence correspond to the two lithophysal
zones (upper and lower) defined by Buesch and
others (1996). However, the correspondence is not
at all exact, and the total (= “lithophysal”) porosity
curve from downhole geophysics indicates that
substantial lithophysal cavity development must
extend significantly above and below the limits of
the formally named “lithophysal zones” (fig. 17;
see also the individual drill hole plots of Appendix
B). A scatterplot of these total/lithophysal porosity
values versus the depth-equivalent core/matrix
porosity is presented in figure 18, part (a). The
region of marked divergence from the 45� one-to-
one correspondence line represents high litho-
physal (total) porosities matched on a nearest-sam-
ple basis to the lower matrix (core) porosity values. 

Note also the third set of data plotted in fig-
ure 17; this curve is identified as “water-filled”
porosity and is shown by the dashed line without
symbols. This third curve is observed essentially to
overlie the true matrix (= core) porosity data
throughout much of the drill hole. In locations
where the water-filled porosity trace does not
closely match the core values, it is always observed
to indicate markedly lower values than the solid
total/lithophysal porosity curve. The near-equiva-
lence of core and water-filled porosity values is
demonstrated in part (b) of figure 18.  

Because many drill holes lack core data from
which to obtain matrix porosity for modeling pur-
poses, we have adopted a practice (for those holes
only) of identifying lithophysal intervals (as dis-
tinct from formal lithophysal zones) in those non-
cored holes using separation of the water-filled and
total porosity traces. Outside these lithophysae-

bearing intervals, matrix porosity is set equal to
total porosity, whereas within these intervals of
curve separation, matrix porosity is set equal to the
water-filled porosity values.For example, figure 19
is a scatterplot equivalent to part (a) of figure 18 for
drillhole WT-2, only in this case the “matrix”
porosity measurement is the water-filled porosity
derived from the epithermal neutron porosity log.
The behavior of the total/lithophysal porosity val-
ues in these two illustrations with respect to matrix/
core porosity and its petrophysical surrogate is
strikingly similar.

It is clear that this practice is merely a simple
heuristic device, and that use of the water-filled
values unquestionably will underestimate the
actual matrix porosity within the unsaturated zone
for the simple reason that all the available pore
space in the unsaturated zone is not water filled.
However, we believe that this approach is a reason-
able approximation for several reasons. (1) Water
saturation throughout much of the Topopah Spring
Tuff is rather high, typically greater than about 80
percent. (2) The water-filled porosity values in
zones of significant lithophysal cavity development
are much closer to the true matrix porosity than are
the lithophysal porosity values, which can be
observed from figure 17 and 18 to be as much as
double the matrix (core) porosity values for drill
hole USW SD-7. And finally, (3) because one of
the purposes of modeling the spatial heterogeneity
of porosity is to attempt to model the variability of
saturated hydraulic conductivity using porosity as a
surrogate, the water-filled porosity data (at any in-
situ saturation) most likely represents essentially
all the pore space that is available for the transmis-
sion of water under unsaturated conditions. 

Table 6: Statistical summary of total porosity data used in modeling
[All values are porosity as a fraction except number of data]

PTn
TSw CH-PP

Matrix Lithophysal All Data Unaltered Altered

Mean 0.437 0.152 0.205 0.322 0.309 0.323

Std.Dev. 0.118 0.053 0.080 0.086 0.088 0.074

Minimum 0.034 0.011 0.010 0.029 0.029 0.110

Maximum 0.742 0.553 0.616 0.630 0.537 0.630

N 1863 8195 8854 4824 2878 1525
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Note that it is possible to significantly under-
estimate the saturated hydraulic conductivity under
true saturated conditions in this manner. However,
as a practical matter, the discrepancy between the
true matrix porosity and the water-filled porosity
heuristic device is important essentially only in the
crystal-rich nonlithophysal (Tptrn) top portion of
the Topopah Spring welded model unit (fig. 17,
depths of 400–500 ft). This relatively high strati-
graphic interval almost invariably is present in the
unsaturated zone throughout the entire modeled
region.

Evaluation of the differences between rela-
tive humidity oven dried and 105�C dried core
porosity values indicates that hydrous-phase min-
erals are of very modest extent within the densely
welded rocks of the TSw model unit. This conclu-
sion is compatible with other observations, which
indicate that the vast majority of the Topopah
Spring welded interval was devitrified and locally
recrystallized by vapor-phase alteration during
cooling of the originally hot pyroclastic-flow
deposit. The mineral assemblages formed by these
types of early alteration typically are not suscepti-
ble to zeolitization or clay formation.

Calico Hills-Prow Pass (CH-PP) Model Unit 

A similar histogram and cumulative distribu-
tion function of total porosity values obtained from
the combined Calico Hills–Prow Pass (CH-PP)
model unit are presented in figure 20, and a statisti-
cal summary of the values is in table 6. Evaluation
of individual differences between relative humidity
oven dried and 105�C dried core samples and
between total and “water-filled” porosity values
from petrophysical logs indicates, as does indepen-
dent geologic evidence, that hydrous-phase miner-
als are a major component of rocks from this
composite geologic interval. Mineralogical data
(Bish and Vaniman, 1985; Chipera and others,
1996†) indicates that the vast majority of hydrous-
phase minerals present at these deeper stratigraphic
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Figure 17.  Comparison of different types of 
porosity data for drill hole USW SD-7. Horizontal 
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YMP Stratigraphic Compendium (Clayton, 1996).

†Chipera, S.J., Vaniman, D.T., and Bish, D.L., 1996, 
Zeolite abundances and the vitric-to-zeolitic transi-
tion in drill holes USW SD-7, 9, and 12, Yucca 
Mountain, Nevada: Report LA-EES-1-TIP-96-005, 
Yucca Mountain Project Milestone LA4240, Los 
Alamos National Laboratory, Los Alamos, N. Mex., 
20 p.
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levels are zeolites. No attempt has been made to
distinguish different zeolite minerals, as these iden-
tifications cannot be made simply based on the
presence of structurally bound water. Histograms
of porosity from unaltered and hydrous-phase
altered tuffaceous materials in the Calico Hills-
Prow Pass model unit are shown separately in fig-

ure 21; corresponding statistical summaries are
presented in table 6.

Bulk Density

The histogram and cumulative distribution
function for (dry) bulk density values measured for
core samples dried at 105�C are shown in figure
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Figure 18.  Crossplots of (a) total porosity vs. matrix porosity and (b) core porosity vs. water-filled 
petrophysical porosity for drillhole SD-7. Light grey line indicates one-to-one correspondence.
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Figure 19.  Crossplot of a surrogate “matrix” 
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grey line indicates one-to-one correspondence.
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Figure 20.  Histograms and cumulative distribution 
functions of total porosity for samples from the 
Calico Hills-Prow Pass model unit
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22(a). A statistical summary of the bulk density
values is presented in table 7. The correlation of
these bulk density values with 105�C-dried poros-
ity values measured on the same physical speci-
mens is presented in part (b) of figure 22. Note that
the points on the scatterplot are identified sepa-
rately as originating from altered or unaltered
materials, as determined by a separation of more
than 5 porosity percent between the 105�C- and the
relative humidity oven-dried porosity measure-
ments. Although there is a suggestion of a slightly
different relationship between the two different
types of materials, the exceptionally high coeffi-
cient of determination (r2 = 0.972) for the data con-
sidered as a whole, combined with the relative
unimportance of bulk density as a flow-and-trans-
port modeling parameter, led us to neglect alter-
ation in modeling the spatial distribution of bulk
density. Other authors, notably Istok and others
(1994) and Flint (in review), have noted similar
excellent correlations of bulk density with porosity
as well.  

Saturated Hydraulic Conductivity

A histogram of the available laboratory-mea-
sured saturated hydraulic conductivity data is pre-

sented in figure 23. A statistical summary of these
data is in table 8, and a scatterplot of these same
data against the corresponding porosity values is
shown in part (b) of the figure. Note that whereas
the correlation between bulk density and porosity
shown in figure 22 is based on measurements
obtained on the exact same physical specimen, this
approach is not possible because the specimens
used for hydraulic conductivity testing do not have
associated total porosity values (measured after
105�C oven drying). Flint (in review) reports
instead only the relative humidity oven dried
porosities measured on the hydraulic conductivity
plugs. Indeed, Flint’s work demonstrates that the
most suitable type of porosity measurement for

Figure 21.  Histograms and cumulative distribution functions of porosity for 105�C-dried samples of (a) 
unaltered and (b) altered rocks from the Calico Hills-Prow Pass model unit.
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Table 7: Statistical summary of bulk density data 
from core samples from all model units

Bulk Density

(g/cm3)

Mean 1.972

Std.Dev. 0.367

Minimum 0.8162

Maximum 2.509

N 4888
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predicting saturated hydraulic conductivity is the
RH-dried porosity. Unfortunately, although the
petrophysical porosity data computed by Thomp-
son and Rael (1996) include values of “effective
porosity” [equation (13)] similar to the RH core
measurements, the values computed by Nelson
(1996) do not. Because the values of Nelson for the
WT-series of drill holes are critical to modeling the
extended site area (see figs. 8–10), we chose to rely
on the correlation of hydraulic conductivity with
total porosity rather than mix porosity measure-
ments of different types.  

Because Flint (in review) pursued a system-
atic sampling strategy whereby the specimens for
hydraulic conductivity determinations were cut
from samples taken immediately adjacent to speci-
mens used for the full suite of bulk properties (rb,
fRH, f105�C), the additional error introduced by
using the correlation with the nearest 105�C-dried
porosity value is believed to be small. Figure 24(a)
is a cross plot of the relative humidity oven dried
porosity values measured for the hydraulic conduc-
tivity specimens vs. the relative humidity oven
dried porosity values of the immediately adjacent
bulk-properties specimen. The grey solid line on
the figure indicates one-to-one correspondence.

Figure 24(a) indicates that there are differences
between the two values that represent very small
scale (order of centimeters) heterogeneity and/or
measurement errors; the coefficient of determina-
tion (r2-value) associated with the crossplot is
0.914. However, the differences in porosity value
are fairly unbiased (the porosity of the adjacent
sample is about equally likely to be higher than that
of the hydraulic conductivity specimen as it is to be
lower). Note that at the high-porosity end of the
specimen, there may be a slight tendency for the
porosity of the hydraulic conductivity specimen to
be lower than that of the adjoining bulk-property
specimen. In general, the agreement of the two
porosity values is quite good, and the error induced
by using the “nearby” 105�C porosity values proba-
bly is less than it would be by mixing RH and
105�C porosity values in the prediction because the
105�C values are systematically higher than the
associated RH value [fig 24(b)]. 

Several things are notable about the hydrau-
lic conductivity data. First, the laboratory measure-
ments are characterized by a very significant
number of “non-detect” values, indicated by the
off-scale histogram bar at the left side of figure
23(a). Reference to the cumulative frequency axis
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on core samples dried at 105°C. (b) Cross-plot of bulk density and porosity as measured in the laboratory 
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3dm\bulkdpor.spw

Porosity v BD 

Total Porosity, as a fraction

0.0 0.2 0.4 0.6

B
ul

k 
D

en
si

ty
, i

n 
g/

cm
3

0.00

0.50

1.00

1.50

2.00

2.50

3.00

Unaltered Samples
Altered Samples

rb = 2.543 - 2.764 f

r2 = 0.972

(a) (b)



 Development of the Models 37

for the same figure indicates that approximately 35
percent of the physical specimens tested in the lab-
oratory yielded no measurable flow. These samples
have been assigned an arbitrary value of 10-14 m/

sec for plotting purposes only. However, this treat-
ment of the no-flow samples greatly complicates
statistical description of hydraulic conductivity. As
table 8 indicates, the values computed as part of a

Hydraulic Conductivity Values 
All Data
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Figure 23.  (a) Histogram and cumulative distribution function and (b) scatter plot for all laboratory-
measured saturated hydraulic conductivity data versus matrix porosity. Note indicated clustering of data in 
(b). Labeled ellipses identify clusters of data discussed in text.
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statistical summary of these data are dependent on
the value assigned to the no-flow samples. For
example the “average” conductivity of the flowing
samples is –8.9553 in log10 meters per second,
whereas the “average” of all samples including the
non-flowing ones is –10.6285 (log space), assum-
ing the no-flow conductivity value of –14.0 used in
plotting figure 23(b). However, one could generate
practically any mean conductivity value desired
simply by changing the conductivity assigned to
the non-flowing samples, which is to a large extent
related simply to the physical limits of the per-
meameter used for the measurements. Another
interesting feature of the hydraulic conductivity
data, shown in figure 23(b), is the presence of at
least three somewhat distinct clusters of porosity-
conductivity values, as suggested by the ellipses
superimposed on the scatterplot. Note that ellipse
D simply corresponds to the spike of no-flow sam-
ples already described. 

The clusters of samples indicated as A and B
in figure 23(b) correspond essentially to “unal-
tered” and “altered” rock types (respectively),
defined as the absence or presence of zeolite (plus
or minus clay) minerals. Figure 25 presents these
two clusters of samples using more precise criteria
for alteration. Figure 25(a) and (b) are for samples
separated into unaltered and altered classes using
more-or-less macroscopic criteria by Flint (in
review), who developed a set of hydrogeologic
units based principally (but not wholly) on the
lithostratigraphic-unit classification of Buesch and
others (1996). Flint ultimately assigned each labo-
ratory specimen tested to a specific matrix-prop-
erty hydrogeologic unit, and the designators for
these different units have been used directly in gen-

erating these figures. Figure 25(c) and (d) present
the same sample data, only here the discrimination
of unaltered and altered is based on differences in
sample behavior between relative humidity oven
drying at 60�C and 65-percent RH and at 105�C
with RH ~ 0 [see text associated with equation (1)
on page 23]. 

Comparison of the two sets of figures indi-
cates that subdivisions based on the two different
criteria are nearly identical. Unaltered samples
[parts (a) and (c) of fig. 25] exhibit a strong depen-
dence on porosity whereas altered samples [parts
(b) and (d)] show much less dependency on poros-
ity. Histograms corresponding to these different
subpopulations are presented in figure 26. Parts (a)
and (c) of the figure are for unaltered samples, and
parts (b) and (d) are for the altered (“zeolitized”)
samples. The univariate population characteristics
for the two classification methods are virtually
identical. 

Figure 27 is a similar comparison of scatter-
plots and histograms for the cluster of samples
identified as cluster C in figure 23. These samples
are essentially all from the vitrophyric units that
over- and underlie the main welded phase of the
Topopah Spring Tuff (matrix hydrogeologic units
12 and 19, Flint, in review; units Tptrv1, Tptpv3,
Buesch and others, 1996). Part (a) of the figure
simply uses the Flint unit codes as the basis for
selecting the samples from the overall saturated
hydraulic conductivity data set, however, part (b)
was constructed using a criterion of porosity <
0.05. Again, the populations identified by the
hydrogeologic-unit and the material-property
approaches are virtually identical. Flint (in review)

Table 8: Statistical summary of saturated hydraulic conductivity data used in modeling 
[Altered–unaltered distinction identified using difference between relative humidity and 105�C dried porosity values; 
see text. All units are log10meters per second except number of samples]

No-flow Samples Ignored No-flow Samples Set to -14.0

All Data Unaltered Altered All Data Unaltered Altered

Mean -8.9553 -8.6431 -9.7522 -10.6285 -10.5512 -10.8555

Std.Dev. 1.7317 1.7174 1.5034 2.7664 2.9141 2.2719

Minimum -11.7086 -11.3360 -11.7086 -14.0000 -14.000 -14.0000

Maximum -4.6866 -4.6955 -4.6866 -4.6866 -4.6955 -4.6866

N 405 291 114 606 452 154
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attributed the high and quite variable hydraulic
conductivity values exhibited by these low-porosity
rocks to the presence of microfractures in these
dominantly glassy materials, and it is quite likely
that some of the higher hydraulic conductivity val-
ues exhibited for the lower-porosity samples shown

in figure 25 are the result of microfracturing as
well.  

The ability to discriminate populations with
different hydraulic conductivity characteristics
using porosity extends the use of porosity-as-a-sur-
rogate to a higher level than simply developing pre-

Figure 25.  Scatterplots of saturated hydraulic conductivity as a function of porosity for samples separated 
on the basis of “alteration.” (a) Unaltered and (b) altered samples discriminated using the alteration-unit 
codes of Flint (in review); (c) unaltered and (d) altered samples discriminated by differences in relative 
humidity oven vs. 105�C drying. Heavy solid line is regression fit; dashed lines are 95-percent confidence 
bounds.
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dictions of hydraulic conductivity based on a
correlation with porosity. As originally suggested
in figure 2, and as described in greater detail in the
section on Development of the Models, the subdi-
vision of rock-type classes based on porosity is
crucial to the modeling activities described in this
report.

Thermal Conductivity

Thermal conductivity and porosity data have
been obtained from a modest number of samples
collected from the PTn and TSw model units
(Brodsky and others, 1997). Figure 28(a) presents a
histogram and cumulative distribution function of
the available thermal conductivity data measured at
70�C and under 105�C-dried saturation conditions.
The values plotted in figure 28(b) clearly indicate a
dependency on porosity, which is as expected given
that the thermal conductivity of a material is

closely related to its bulk density and that porosity
is inversely related to bulk density in the non-zeoli-
tized tuffs. Note, however, that this sample suite is
distinctly separate from that used for the remainder
of the bulk and hydrologic properties in this report.
There are virtually no thermal conductivity data
available for zeolitized tuff. A statistical summary
of the available thermal conductivity data is given
in table 9.  

There are two major difficulties in using the
existing thermal conductivity data. First, the in-situ
bulk density of the Topopah Spring welded unit is
most directly related to the lithophysal porosity of
this unit, not to the matrix porosity. Open cavities
too large to be measured as part of the matrix
porosity laboratory procedure (or its petrophysical
equivalent) will significantly reduce the bulk den-
sity, leading to lower effective thermal conductiv-
ity. Figures 17 to 19 indicate that lithophysal
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Figure 26.   Histograms and cumulative distribution functions for (a) unaltered and (b) altered samples 
identified by matrix property hydrogeologic unit designator, and for (c) unaltered and (d) altered samples 
identified by differences in RH and OD behavior.
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porosity values can be greater by a factor of two
compared to the depth-equivalent matrix porosity
values. Use of this factor-of-two porosity differ-
ence applied to the regression relationship shown
in figure 28(b) would lead to the over-prediction
errors of roughly 30–50 percent for thermal con-
ductivity, depending on the actual porosity level
considered. 

A second, rather severe difficulty with the
available thermal conductivity data is that the den-
sity of sampling is not great (a maximum of 52

samples; see table 9), and furthermore, those sam-
ples are highly biased both spatially and toward
low-porosity materials. (1) Two of four drill holes
that were sampled for thermal conductivity speci-
mens, although located within the extended site
area, are actually located some distance from the
repository block itself (NRG-4, NRG-5). (2) The
sampling vertically within a given drill hole is not
at all systematic, and in fact, the vertical distribu-
tion of samples cannot at all be considered “repre-
sentative” of the entire Topopah Spring welded
model unit. (3) The only samples that represent the
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higher porosity values (needed to model the effect
of lithophysal cavities on heat conduction) are
taken from the PTn model unit, and thus represent
nonwelded tuffs rather than the lithophysal portion
of welded materials.

With respect to the several biases known to
exist in the thermal conductivity data, consider fig-
ure 29, which is a histogram of the 54 porosity val-
ues measured on the thermal conductivity test
specimens. Comparison of this figure with the his-
togram of all porosity data measured from the
Topopah Spring welded unit (fig. 16) clearly indi-

cates the extent of the sampling bias. First, figure
29 is clearly bimodal, representing, as it does, sam-
ples from both welded and nonwelded rock types.
If we discount the group of samples with porosities
higher than about 40 percent, the mode corre-
sponding to the welded Topopah Spring samples is
strongly skewed to lower porosity values. For
example, the approximate modal value in figure 29
is 8–10 percent, whereas the modal value of the
entire TSw model unit is 14–16 percent for matrix
porosity and 18–20 percent for the lithophysal
porosity; these latter values represents the type of

Table 9: Statistical summary of all measured thermal 
conductivity data from non-zeolitic rock samples at Yucca 
Mountain
[All units are watts per meter-Kelvin, except porosity as a fraction and number 
of tests]

Thermal Conductivity @ 70�C Porosity
(105�C)All Rock Units TSw Only

Saturated 105�C Dried

Mean 1.772 1.054 1.241 0.197

Std.Dev. 0.524 0.516 0.427 0.156

Minimum 0.730 0.160 0.620 0.040

Maximum 3.090 2.200 2.200 0.610

N 49 52 35 54

Figure 28.  (a) Histogram and cumulative distribution function for thermal conductivity. (b) Scatterplot of 
thermal conductivity as a function of total porosity. All thermal conductivities measured at 70�C and 
105�C dried conditions. Solid line in (b) is regression fit; dashed lines are 95-percent confidence interval.
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porosity measurement that would be expected to
control the thermal conduction properties.  

We have attempted to reduce the impact of
these sampling biases in the following manner.
First, we assume that the regression relationship
presented in the scatter plot of figure 28(b) is a
valid predictor of thermal conductivity across the
range of porosity values appropriate for the TSw
model unit. We then predict thermal conductivity

from the systematically sampled (nominal 3-ft
spacing) porosity data available for three drillholes
located within the footprint of the potential reposi-
tory (USW SD-7, -9, and -12; fig. 31). We then
aggregate these three sets of predicted values and
compute the appropriate statistical quantities and
histograms (fig. 30; table 10). Note that although
the average thermal conductivity for both the 35
measured samples of the Topopah Spring welded
model unit and the predicted thermal conductivity
of the TSw unit as a whole (table 10) are remark-
ably similar at approximately 1.2 w/m-K, the ther-
mal conductivity of major portions of the unit
differ markedly from one another (fig. 31).   

“Zeolite” Alteration in the Calico Hills–Prow 
Pass Unit

Alteration as a category was modeled only in
the combined Calico Hills–Prow Pass model unit.
Figure 32 is a histogram and cumulative distribu-
tion function for the binary alteration indicator
flags from the Calico Hills–Prow Pass model unit.
The relevant summary statistics for alteration cate-
gory are presented in table 11. As described in the
section on Measurement Methods beginning on
page 23, the indicator alteration flag defined using
the different types of porosity measurements is not
truly a mineralogic indicator of the presence or
absence of zeolites. However, the dominant
hydrous-phase mineral present at these strati-
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Figure 29.  Histogram and cumulative distribution 
function of total porosity values measured for 
thermal conductivity test specimens.
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Figure 30.  Histogram and cumulative distribution 
for thermal conductivity systematically predicted 
from lithophysal porosity values in drill holes USW 
SD-7, SD-9, and SD-12 using regression equation 
from figure 28(b).

Table 10: Statistical comparison of measured and 
predicted thermal conductivity data for the Tsw 
model unit
[All units are Watts per meter-Kelvin, except number of tests]

Measured
Thermal

Conductivity
@ 70�C

Predicted
Thermal

Conductivity
@ 70�C

Mean 1.241 1.183

Std.Dev. 0.427a

a. also includes effect of measurement errors 
and lithologic variability

0.182b

b. includes effect of lithologic variability only

Minimum 0.62 0.676

Maximum 2.200 1.550

N 35 6063
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graphic levels is zeolite, principally clinoptilolite
with or without mordenite (Chipera and others,
1996†). Because no detailed mineralogic classifica-
tion is available for samples on which saturated
hydraulic conductivity was measured, we assume
that all hydrous-phase alteration reduces the con-
ductivity in the same manner. In the later stages of
the modeling process (fig. 2), models of expected
alteration are combined with information regarding
the spatial distribution of porosity to produce a
composite model of saturated hydraulic conductiv-
ity for the overall model unit.   Spatial Continuity Description

Quantitative description of spatial continuity
patterns (also frequently referred to as spatial cor-
relation) employed standard variography tech-
niques, and was conducted separately for each of
the three modeling units. Three-dimensional exper-
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Figure 31.  Downhole variation in predicted thermal conductivity values based on measured porosity 
data for drill holes (a) USW SD-7, (b) SD-9, and (c) SD-12. Thermal conductivity key: dark line—
predicted Kth at 70�C and 105�C-dried conditions; light grey line—predicted Kth at > 100�C. Porosity key: 
dark line—lithophysal porosity from petrophysical logs; light grey line with symbols—matrix porosity from 
core samples.

†see unpublished citation on page 33

Table 11: Statistical summary of alteration 
category in the Calico Hills–Prow Pass model unit

Alteration Flag

Mean 0.525

Std.Dev. 0.499

Minimum 0

Maximum 1

N 5140
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imental (semi)variograms were computed in strati-
graphic coordinates using the normal-score
transformed values of total porosity (see descrip-
tion of the normal-score transform under Develop-
ment of the Models). Unless otherwise noted in the
sections that follow, variograms were computed for
the stratigraphically vertical direction and in the
stratigraphically horizontal direction in 30-degree
increments, starting from north = 0�. Additionally,
variograms were also computed in the 45� and 135�
directions to ensure that the 30-degree increments
did not miss some particularly strong correlation
structure in these intermediate directions.

The variogram estimator used in this study is
the semivariogram, g, which is traditionally defined
as half the average squared difference between two
attribute values approximately separated by a vec-
tor, h:

, (16)

where Zx is the value of a variable at a spatial loca-
tion, x, and Z(x+h) is the value of that same variable
located the vector distance, h, away. Note that with
the exception of the factor of 2 and the fact that the
comparison is between two sample values, rather
than between a sample value and a mean value,
equation (16) is identical to that used to estimate a
variance. Thus it is no coincidence that for many
earth-science applications, the variogram estima-

tor, g, is observed to converge on the variance of
the data, s2, as the separation distance between the
pairs of samples being compared becomes very
large.

Equation (16) is computed across all avail-
able pairs of samples and all available spatial sepa-
rations, h (note that the pair separations, h, are
typically grouped into some modest number of dis-
tance classes). The strength of the spatial correla-
tion, g, for all possible separations, h, (as is
typically required for modeling) is described by
use a group of particular mathematical functions
that have the property of yielding positive-definite
covariance matrices. These models are parameter-
ized by variables generally referred to as the nug-
get, designated C0, the sill, designated C1, and the
range, designated by a. We can thus define:

, (17)

where the expression C1Spha(h) refers to a spheri-
cal variogram model (one of many possible func-
tions; see Journel and Huijbregts, 1978) with range
= a and sill =C1. Figure 33 presents an idealized
experimental variogram, fitted by a typical vario-
gram model, illustrating these various component
quantities.

Analysis of spatial correlation is admittedly
partially an art, rather than a wholly objective sci-
ence. The objective is to capture the overall spatial
continuity pattern(s) within a conceptual frame-
work guided by the geologic setting and knowledge
of relevant site-specific factors. Each component of
a modeled variogram should have some reasonably
meaningful geologic explanation. Features in the
experimental variograms that conflict with geo-
logic understanding frequently reflect artifacts of
less-than-optimal sampling patterns; such features
should be investigated carefully before being incor-
porated into a variogram model. In addition to cap-
turing the essence of the geologic continuity of the
relevant property, a fitted variogram model must
comply with certain restrictions that are imposed
by the use of such a model in the numerical simula-
tion or interpolation of measured values to form a
material property model. For example, if a particu-
lar structure is well developed in one direction, the
same mathematical form which captures that struc-
ture must be used in all other directions, even if the

Figure 32.  Histogram and cumulative distribution 
function of alteration category for the Calico Hills–
Prow Pass model unit.
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structure in question is not particularly well devel-
oped in those directions. This coherence of mod-
eled structure in three orthogonal directions can be
particularly troublesome if the degree of spatial
resolution is much greater in one direction (closely
spaced samples down a drillhole, for example) than
in others. 

Anisotropy in the spatial correlation patterns
of various material properties is expected in a lay-
ered sequence of rocks, such as those at Yucca
Mountain. Continuity of rock properties in the
stratigraphically horizontal direction generally
should be greater than in the vertical direction.
Properties might well be more continuous along
the direction of ash-flow transport than in the hori-
zontal direction normal to transport (or vice versa).
Although standard geostatistical practice is to fit
model variograms to the sample data individually
in each desired direction, these separate models
cannot be used directly as input to a simulation
algorithm. Rather than attempt to compute the nec-
essary spatial covariance values differently in dif-
ferent directions, it is typically the coordinate
system describing samples and grid nodes that is
modified to an isotropic system in which computa-
tion of the spatial covariance values is straightfor-
ward. This process can be conceptualized by
envisioning an ellipsoid in three dimensions (or a
simple ellipse in two) for which all points on the
surface are at the same structural (geologic) dis-
tance, as opposed to the same Euclidean distance.

Anisotropy is then described in terms of the
stretching and rotation that would be necessary to
transform the ellipsoid into a sphere (circle). The
coordinate system is then transformed using this
information, the model values are generated, and
the coordinate transformations are reversed. How-
ever, a corollary that follows directly from the
computation of all covariance values using an iso-
tropic mathematical expression, is that any nested
models must be of the same class of mathematical
functions. One cannot, for example, fit a spherical
model vertically and an exponential model for the
same structure horizontally.

PTn Model Unit

Sample variograms computed in the three
directions of minimum, maximum, and intermedi-
ate continuity for total porosity in the PTn model
unit are presented in figure 34, together with the
fitted model computed in those same three direc-
tions. The vertical variogram [fig. 34(a)] is the best
defined, and it exhibits modest hole-effect phe-
nomenon for intersample distances of about 60–
120 feet. A hole-effect variogram is defined by a
variance that increases and then decreases with
increasing separation between pairs of samples;
typically there is some sort of approximately peri-
odic relationship between the peaks and troughs.
The hole-effect is so named because it is most fre-
quently observed when computing sample vario-
grams down vertical drill holes in a (horizontally)

Figure 33.  (a) Idealized experimental variogram with fitted model and components; (b) Example of 
identical experimental variogram fitted by two nested models.
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layered lithologic sequence. When variograms are
computed for such a layered sequence, two rela-
tively similar layers may be separated by a layer of
different character. At small intersample distances,
one is comparing essentially only samples from
within the same unit. As the distance between sam-
ple pairs increases, one begins to compare across

the different units, leading to higher computed
variability. However, as the separation increases
further, one begins to compare samples located in
the more-similar units straddling the intervening
layer and the computed variability thus decreases.

The horizontal variograms [fig. 34(b)] of
total porosity in the PTn model unit are less well
defined and considerably more irregular than the
vertical variogram. Figure 34(b) is computed for
2500-ft lag classes, and the plot is relatively
smooth, however, compared to variograms com-
puted for shorter lag spacings (not shown). The
maximum direction of spatial continuity is
observed in the S 45� E (azimuth = 135�) direction,
and we have inferred a modest degree of anisot-
ropy. The orientation of the direction of maximum
spatial correlation is attributed to the relative loca-
tion of the source vents for the Yucca Mountain
and Pah Canyon Tuffs, which are principal compo-
nents of the PTn model unit, to the northwest of the
repository site itself. Isopach maps of the Yucca
Mountain Tuff (Clayton and others, 1997) indicate
a southeast-trending lobe of thicker outflow-facies
tuff in the northern part of the site area. This depo-
sitional lobe is reflected in the isopach of the total
PTn interval as well. The Pah Canyon Tuff exhibits
a depositional lobe of thicker tuff trending some-

what more southerly in this same region. Because
the Yucca Mountain Tuff, and the Pah Canyon Tuff
to a lesser extent, contain welded tuff in their thick-
est portions, it follows that porosity values would
be more continuous along those depositional trends
than at 90 degrees to them. An interesting feature
of the sample variogram at an azimuth of 45� is that
although some 80 percent of the total variability is
reached for pairs of samples separated by approxi-
mately 5000 ft, the variability of samples separated
by even greater distances does not increase, and, in
fact, appears to decrease somewhat. This feature
may reflect a relative lack of variability within the
broad distal fringe of the Yucca Mountain and/or
Pah Canyon Tuffs, the vast majority of which is
nonwelded tuff and partially reworked tuffaceous
sediment of relatively high porosity.

A set of three nested spherical variogram
models plus a small nugget effect has been fitted to
the sample data using the parameters specified in
table 12. The composite spatial correlation model

Separation distance, feet

0 50 100 150 200

N
or

m
al

-S
co

re
s 

V
ar

io
gr

am

0.0

0.5

1.0

1.5

2.0(a)

~80 ft

Separation distance, feet

0 5000 10000 15000 20000 25000
N

or
m

al
-S

co
re

s 
V

ar
io

gr
am

0.0

0.5

1.0

1.5

2.0

Azimuth = 45o

Azimuth = 135o

(b)

Figure 34.   Variograms of total porosity normal-score values from the PTn model unit: (a) vertical; (b) 
horizontal. Curves with symbols represent measured data, heavy curves of corresponding line type 
represent fitted models; dotted line is the a priori variance of the data. Number of pairs: (a) 200–500; 
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appears to fit the sample variograms rather well,
and the model is appropriately consistent with sam-
ple variograms computed in other directions (not
shown). The horizontal variograms [fig. 34(b)]
suggest a larger nugget effect than modeled here.
We selected the very small nugget value of 0.01
(table 12) for a number of reasons. First, the down-
hole sample variogram [fig. 34(a)] indicates virtu-
ally no nugget effect and this interpretation is sup-
ported by systematic sampling on approximately 3-
ft centers. The shortest average lag spacing in the
horizontal directions is 7–8 ft in a few directions

but is more typically 30–100 ft in others. The
excellent sample control in the vertical direction is
the strongest argument for a small nugget. Second,
theoretical considerations require that as intersam-
ple distances approach zero, variability diminishes
to zero as well. What may account for larger vari-
ability at very small sample spacings (not precisely
equal to zero) is measurement error. Presumably
one is not interested in reproducing measurement
error in the model, so one may be justified gener-
ally in interpreting through a nugget effect to cap-
ture the underlying geologic phenomenon. 

A third reason that we have discounted the
apparent nugget effect present in figure 34(b) is
that the magnitude of this apparent nugget effect is
(in part) a function of the vertical bandwidth used
for accepting sample values into the calculation of
the variogram value. Figure 35 shows the near-ori-
gin portion of a series of variograms calculated
using exactly the same data and in an identical
manner except that the vertical bandwidth was var-
ied systematically from 100 ft (one-half the nomi-
nal thickness of the PTn model unit) to 5 ft. The
apparent nugget effect decreases systematically as
well, from a value of approximately 0.7 to less than
0.2. Of course, as the bandwidth allowed for the
sample search decreases, the number of pairs of
samples that can be located within this tolerance
interval decreases as well, leading ultimately to a
lack of statistical mass that renders interpretations
suspect.

We interpret the first (shortest range) struc-
ture with a = 3500 ft in the horizontal 135-degree
direction to be related in some manner to the
thicker depositional lobes involving the partially to

moderately welded Yucca Mountain and Pah Can-
yon Tuffs in the northern part of the site area (much
of the main masses of both the Yucca Mountain
and the Pah Canyon Tuffs are located to the north

Table 12: Modeled variogram parameters for total porosity normal scores in the PTn 
model unit

Nest
No.

Model
Type

Range
(ft)

Sill

Rotation Angle 
(degrees)

Anisotropy Ratio

Maximum
(horizontal)

Inter-
mediate

Minimum
(vertical)

1 2 3 1 2

Nugget 0.01

1 Spherical 3500 3000 25 0.30 135 0 0 0.857 0.00714

2 Spherical 17000 5000 60 0.40 135 0 0 0.294 0.00350

3 Spherical 35000 25000 100 0.29 135 0 0 0.714 0.00286

Figure 35.  Variograms showing effect of vertical 
bandwidth on the magnitude of apparent nugget 
effect. Azimuth = 135�; lag spacing = 2500 ft. 
Dotted line is a priori variance.
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and west of the northernmost drill holes used in
this study). The much more extensive second struc-
ture with a = 17,000 ft is most likely related to
some average lateral extent of relatively thin indi-
vidual units of air-fall tuff and pumice-fall depos-
its, and to partially reworked “bedded” tuffs. These
thin alternating units in the more distal portions of
the Yucca Mountain and Pah Canyon outflow
sheets are probably also responsible for the very
short ranges (25 ft and 60 ft) of these two nested
structures in the vertical dimension. Interlayering
of coarse grained pumice-fall deposits with much
finer grained air-fall tuffs could easily account for a
major part of the variability observed at these short
sample-separation distances. The third nested
structure with the very long range of a=35,000 ft is
functionally a “dummy” structure, created to make
the several sill components sum to 1.0 as required
for simulation modeling, particularly in the vertical
dimension. As the maximum inter-drillhole dis-
tance is generally less than about 15,000 ft for the
PTn model unit [fig. 8(a)], this structure contrib-
utes very little during the modeling process.

TSw Model Unit

Matrix Porosity

Sample variograms computed using matrix
porosity data from the Topopah Spring welded
model unit for the minimum, maximum, and inter-
mediate directions of spatial continuity are pre-
sented in figure 36. The fitted model variograms
are also shown on the figure. Part (a) of figure 36 is
the variogram computed in the minimum-continu-
ity, stratigraphically vertical direction with a sam-
ple lag of 3 ft, whereas part (b) shows sample
variograms computed horizontally at azimuths of 0
and 90 degrees (north-south and east-west), using a
lag-class interval of 2000 ft. Maximum spatial cor-
relation is observed in the north-south direction.
The vertical variogram is particularly well defined
because of the closely spaced sampling along drill
hole traces, whereas the horizontal variograms are
somewhat more irregular, largely because of the
irregular pattern of surface-based drillholes. 

A particularly notable feature of the vertical
variogram in figure 36(a) is that even at intersam-
ple spacings of 500 ft (which is half the nominal
thickness of the TSw model unit in stratigraphic
coordinates) the sample variogram value is only

about 0.6 compared with the standardized a priori
variance of the entire data set of 1.0. In contrast,
both variograms shown in figure 36(b) clearly
approximate the expected sill value of 1.0 at long
separations. 
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Figure 36.  Variograms of matrix total porosity normal-score values from the TSw model unit: (a) vertical; 
(b) horizontal. Curves with symbols represent measured data, heavy curves of corresponding line type 
represent fitted models; dotted line is the a priori variance of the data. Number of pairs: (a) 1400–4000; 
(b) 1000–17000.
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The explanation of this lower-than-average
variability along drillholes is not completely clear,
although the behavior most likely has its origin in
one of at least two causes. First, although there is
no major decrease in variability, such as would be
associated with a strong hole effect like that of fig-
ure 34(a), there is indeed a suggestion that the vari-
ogram values at separations slightly greater than
250 ft are somewhat lower than those associated
with separations just less than 250 ft. A slight, but
fairly well defined increase in the variogram values
followed by a weak decrease can also be observed
in the sample plot at distances between 400 and
450 ft, again potentially suggestive of a very weak
hole effect. Consideration of the geology of the
Topopah Spring welded unit supports the existence
of some sort of hole-effect phenomenon. As is
clearly illustrated by the porosity data profiles in
figure 17 and in Appendix B, the TSw model unit
is marked by the alternating presence vertically of
lithophysal and nonlithophysal intervals. The effect
of these lithologic zones on matrix porosity is
much less than for the lithophysal porosity data (to
be discussed below), the presence of more intense
vapor-phase alteration in the lithophysae-bearing
intervals may have increased the matrix porosity
values by a modest amount. Interestingly, the pro-
totypical thickness of the lithophysae-bearing
intervals is approximately 200–250 ft (fig. 17).

A second, and probably more likely explana-
tion for the variogram behavior observed in figure
36(a) may be that the lower variance computed in
the vertical direction is a product of a type of zonal
anisotropy involving vertically persistent areal
trends in the data, as described by Kupfersberger
and Deutsch (1997). Indeed, that such laterally
variable vertical “zones” exist can be demonstrated
by computing the vertically averaged mean matrix
porosity for each vertical drill hole separately.
Because each drill hole has been sampled in a con-
sistent and essentially uniform manner (Appendix
B), variability in the computed mean values is
related to broad areal changes in character and not
simply to artifacts of non-systematic sampling. If
we further restrict our examination to the 26 drill-
holes that penetrate the entire thickness of the TSw
model unit (table 4) in a further effort to avoid sam-
pling artifacts, we obtain the distribution of mean
values and standard deviations shown in figure 37.
Although the “average” TSw matrix porosity is
approximately 0.15, the individual drill hole means
vary from 0.10 to 0.23. Note that this variability is
zonal, rather than the effect of a systematic
regional trend in porosity, as there is no evidence in
the horizontal variogram (fig. 36(b) of the charac-
teristic parabolic increase in the variogram value at
large separations (Journel and Huijbregts, 1978). 
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Figure 37.  Histogram of (a) Drillhole-Mean Matrix Porosity Values and (b) Drillhole-Mean Standard 
Deviations of Porosity for the TSw Model Unit for Fully Penetrating Drillholes (n=26).
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A third potential and somewhat more dis-
turbing explanation for the variogram behavior
observed in figure 36(a) might be that the low vari-
ance is an artifact related to the nature of the data
used in this modeling exercise. In order to create
models for the majority of the extended site area
(fig. 9), it was necessary to use virtually all the
available porosity data, including values from (at
least) two different generations of borehole petro-
physics plus laboratory-measured core values.
Because of the generally quite wide inter-hole dis-
tances available in the composite data set, the
search parameters used in constructing the vario-
grams in the vertical direction have the practical
effect of restricting the neighborhood of samples
located to those from a single drill hole. As only
one type of matrix porosity data typically exists for
a given drill hole (e.g., petrophysical porosities for
a WT hole; core porosities for an SD hole), any
systematic differences in the magnitude or overall
variability of porosity values measured by the sev-
eral alternative techniques would be more or less
negligible in the down-hole direction. In contrast,
the horizontal variograms, which must of necessity
consider data from many different drill holes,
would include any systematic differences of this
type, and thus the overall variability of the sample
pairs might be anticipated to be higher. Note that
the net effect of this type of data bias is otherwise
indistinguishable from the effects of the zonal
anisotropy described previously.

Support for the concept of a horizontal
“hole-effect” related to alternation of data type,
rather than of lithology per se, can be observed in
the behavior of some of the horizontal sample vari-
ograms as well. Note that in figure 36(b), three of
the four largest-separation variogram values are
markedly lower than the indicated sill value of 1.0.
Although this variability could easily be attributed
simply to noise related to imperfections in the
stratigraphic coordinate transformation or less-
than-ideal drill hole locations, the observation that
variogram values associated with larger separation
distances are less than those associated with shorter
separations is consistent across the entire suite of
variograms calculated but not shown in this report.
For example, figure 38 shows horizontal vario-
grams computed at azimuths of 90, 120, and 150
degrees using a shorter lag spacing of only 1000 ft.

In each of these sample variograms, the observed
variability of sample pairs increases rapidly with
increasing distance and then decreases to values of
0.5–0.8 for greater separations punctuated by
crudely periodic, typically single-lag spikes indi-
cating variability much greater than 1.0 at intervals
of between 4000 and 5000 ft. These observations
are compatible with the observation from figure 9
that drill holes separated by spacings of more than
5000 ft, and invariably by spacings greater than
10,000 ft, are members of the WT-, G-, and H-
series. Porosity data from all of these holes were
derived from geophysical logs run during the pre-
site characterization period (Nelson, 1996), and
these porosity data were processed using a consis-
tent set of input traces and algorithms. 

There is also one other data-related issue that
may be contributing to differences in magnitude
and variability between and within drill holes.
Matrix porosity is essentially a core-scale property
by the definitions used in this study, whereas litho-
physal porosity is only defined at larger-than-core
scales. The vagaries of the Yucca Mountain Project
have been such that all cored drill holes have geo-
physical logs but not all holes with geophysical
logs have core. Because the total porosity values
computed using downhole geophysics are effec-

Figure 38.  Sample variograms for matrix porosity 
data from the TSw unit computed using 1000-ft lag 
spacings. Note the typically lower-than-sill 
variability of sample pairs at lags greater than 
5000 ft. Dotted line is a priori variance.
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tively lithophysal porosities in lithophysae-bearing
intervals and matrix porosity elsewhere, we are in
the position that there are no petrophysically com-
puted matrix porosity values for the lithophysal
intervals. If there is no core in a given hole, there is
no direct measurement of matrix porosity. 

Because the principal set of drill holes for
which this condition applies is the WT series (fig.
9), some sort of work-around was required to avoid
producing models with no data whatsoever in
approximately one-half the vertical thickness of the
TSw model unit throughout much of the model
domain. In compiling the “matrix” porosity data,
we adopted the heuristic device of substituting the
water-filled porosity, fw, for the total (lithophysal)
porosity, fT, in the inferred lithophysal zones only
[see text associated with equations (6) and (7)].
Note that as all but the very upper and lower mar-
gins of the Topopah Spring Tuff are both welded
and devitrified, the issue of structurally bound
water within the minerals themselves can be
neglected. Of greater impact is that since fT = (fw
+ fa) [eq. (2)], the presence of these lithophysal
intervals above the water table throughout parts of
the extended site area introduces yet another source
of “noise” into the modeling process. “Lithophysal
intervals” for purposes of this heuristic substitution
were defined by marked and abrupt separation
between the total (lithophysal) and the water-filled
porosity traces (see Appendix B).

In general, the approximation of matrix
porosity by the water-filled porosity data is proba-
bly not far wrong. Throughout the crystal-poor
lower lithophysal lithostratigraphic zone (Buesch
and others, 1996) of the Topopah Spring Tuff, the
rocks are relatively close to the water table so that
the expected matrix saturations would be relatively
high. It is observed empirically (for example, Raut-
man, 1995: UZ-16; Rautman and Engstrom, 1996a,
1996b: SD-7 and -9, respectively) that matrix satu-
rations measured on core samples are on the order
of 80–90 percent in this interval. Also, even though
the specific saturation level of materials within the
unsaturated zone is a complicated function of
ground-water flux and relative-permeability char-
acteristics of the porous medium, modeling studies
of the UZ-16 drillhole (Flint and others, 1993) have
indicated that within units of similar hydrologic

character, saturations typically increase with prox-
imity to the static water level. Because the princi-
ples of capillarity (e.g., Hillel, 1980) require that
any lithophysal cavities even a few millimeters in
diameter be air-filled under unsaturated (tension)
conditions, it is likely that water-filled porosity val-
ues are within a 1 or 2 porosity percent of the true
matrix values. The situation is somewhat more
complex in the lithophysae-bearing intervals asso-
ciated with the crystal-rich lithophysal and crystal-
poor upper lithophysal lithostratigraphic zones of
Buesch and others (1996). These lithophysal inter-
vals are generally higher above the water table, and
the available evidence indicates that the matrix sat-
uration as measured on core samples may be on the
order of 60–80 percent rather than 80–90 percent.
Still for rocks of roughly 15 percent porosity at a
(probable low-end) saturation of 60 percent, the
total potential error should be

, or 6 porosity percent.
At 80 percent saturation, the potential error is half
of that, or 3 porosity percent.

We have modeled the sample variograms for
matrix porosity in the TSw model unit (imperfec-
tions and all) using a set of three nested spherical
structures and the model parameters given in table
13. The fit to the empirical values, as presented in
figure 36, is really quite acceptable for the shorter
lag distances. Because the total variance captured
in the variogram model must be equal to one, we
have dealt with the lower variability observed in
the vertical variogram of figure 36(b) by increasing
the range of the third nested structure in the vertical
direction to a very long (compared to the vertical
extent of the TSw unit) 2000 ft (= 8000 ft maxi-
mum range times an anisotropy ratio of 0.25), and
then limiting the search radius used to locate sam-
ple values for modeling in the vertical direction to
a maximum of 350 ft, as indicated in figure 36(a).

Vertical structure 2 with range a = 250 ft (=
6000 × 0.417) clearly is related to vapor-phase
alteration of the rock matrix associated with the
alternating lithophysal and nonlithophysal inter-
vals. Because structure 3 is largely a dummy struc-
ture required in the vertical direction, as just
described, structures 2 and 3 in the horizontal
dimensions are effectively a single geologic struc-
ture with a range of roughly 6000–8000 ft. This

1 0.6–( ) 0.15× 0.06=



 Development of the Models 53

structure may represent variability associated with
the maximum extent of the lithophysal intervals in
stratigraphic coordinates as captured by the very
narrow vertical-bandwidth search described on
page 48 (fig. 39). Note that although structure 1 is
essentially required in the vertical direction [the
prominent knick-point at about 30–50 ft in fig.
36(a)], the evidence for this feature as a separate
structure in the stratigraphically horizontal plane is
relatively subtle, marked by a change in slope of
the north–south sample variogram at about 2000–
2500 ft. Given the relatively short range of this
structure vertically (2500 times 0.016 = 40 ft), we
interpret the origin of this structure as related to the
inherent variability of small-scale cooling and
devitrification conditions in a major ash-flow tuff. 

Some 40 percent of the hydraulic conductiv-
ity measurements conducted on samples from the
Topopah Spring welded unit yielded no measurable
flow [fig. 26(c–d)]. To determine the degree of spa-
tial correlation among this group of samples, we
computed an indicator variogram where non-flow-

ing samples were assigned to one category and all
flowing samples to another. Because only a small
fraction of the total number of samples from the
TSw model unit were measured for hydraulic con-
ductivity, it was possible to compute this indicator
variogram only in the vertical dimension (i.e.,
down drillholes). The resulting variogram is shown
in figure 40, and it indicates that some 57 percent
of the total sill variance is achieved within approxi-
mately 10 ft, and the remainder within approxi-
mately 140 ft. The prominent hole effect with a
wavelength of approximately 250 ft is almost cer-
tainly related to the vertical alternation of litho-
physal and nonlithophysal zones within this model
unit.

Table 13: Modeled variogram parameters for matrix porosity normal scores in the 
TSw model unit

Nest
No.

Model
Type

Range
(ft)

Sill

Rotation Angle 
(degrees)

Anisotropy 
Ratio

Maximum
(horizontal)

Inter-
mediate

Minimum
(vertical) 1 2 3 1 2

Nugget 0.01

1 Spherical 2500 2000 40 0.30 0 0 0 0.800 0.0160

2 Spherical 6000 2500 250 0.20 0 0 0 0.417 0.0417

3 Spherical 8000 4000 2000 0.49 0 0 0 0.500 0.2500

Figure 39.  Sketch illustrating effect of imperfect 
conversion to stratigraphic coordinates on 
apparent range of variograms.

Figure 40.  Vertical indicator variogram of non-
flowing hydraulic conductivity samples. Curve with 
symbols represents measured data, heavy curve 
represents fitted model; dotted line is a priori 
variance. Number of pairs: 200–300.
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Because ground-water flow in the unsatur-
ated zone at Yucca Mountain is widely presumed to
be dominantly vertical, the more important issue
would appear to be the extent of spatial correlation
of non-flowing welded tuff in the stratigraphically
horizontal dimension. Under the assumption made
for this study that hydraulic conductivity is core-
gionalized with matrix porosity, it is possible to use
the observed vertical-to-horizontal anisotropy
ratios from the matrix porosity variograms to
obtain a rough idea of the likely extent of horizon-
tal continuity for the no-flow samples. Recalling
from table 13 that the vertical-to-horizontal anisot-
ropy ratio (anisotropy ratio 2) for variogram struc-
ture number one is 0.016, the 10-ft vertical
indicator range suggests that the horizontal range
of the first nested indicator structure is on the order
of 10   0.016 = 625 ft. Using this logic, somewhat
more than half (~57 percent) of the indicator vari-
ance might be observed at approximately this 625-
ft horizontal distance. If we can then assume that
the remaining indicator variance vertically corre-
sponds to matrix porosity structure 3 (which
accounts for somewhat less than half of the matrix
porosity variance), we can estimate the implied
indicator range in the horizontal dimension as
140   0.250 = 560 ft using the appropriate value of
anisotropy ratio 2. 

Both of these inferred ranges are less than
the horizontal grid spacing of 250 meters = 820.25
ft. The implication is that the observed non-flowing
samples from the TSw model unit do not appear to
be strongly correlated spatially in the horizontal
dimension and thus most likely do not form a con-
tinuous barrier to flow at the site scale. This is gen-
erally in agreement with an interpretation that the
non-flowing samples are simply artifacts of limited
pressure capability of the permeameter used in the
laboratory measurement procedure and do not rep-
resent some fundamentally different rock type. 

Note, however, that approximations that are
appropriate for the site scale may not necessarily
be appropriate for smaller scale modeling. A worst-
case estimate of the horizontal correlation exhib-
ited by the non-flowing hydraulic conductivity
specimens might be to equate the second nested
structure range of 140 ft vertically with a compos-
ite of horizontal structures 2 and 3 from table 13.

Anisotropy ratio 2 for structure number 2 is
0.0417, implying a horizontal indicator correlation
range of more than 3300 ft. Although correlation of
no-flow nodes over this distance would only
involve some 3–4 grid nodes at 820.25 ft per node,
horizontal barriers to flow on the order of one kilo-
meter (four nodes at 250 m/node) might indeed be
significant when modeling ground-water flow and
transport at less than the site scale. It would appear
prudent to investigate the actual horizontal continu-
ity of hydraulic conductivity more directly.

Lithophysal Porosity

Sample variograms, with the appropriate fit-
ted model values, for the minimum, maximum, and
intermediate directions of spatial continuity for
lithophysal porosity in the TSw model unit are pre-
sented in figure 41. Again, the experimental plot in
the minimum-continuity vertical direction is very
well defined because of the close down-hole sam-
ple spacings, nominally 3 ft, and the figure indi-
cates a very small nugget value as sample spacings
decrease toward zero. The horizontal variograms
are more irregular because of the non-systematic
spacing of the available drill holes; a mild anisot-
ropy is observable between the sample values com-
puted in the north-south and east-west directions

The vertical variogram exhibits a very strong
hole effect with an apparent period of about 200 ft.
This phenomenon is easily attributable to the
marked differences in porosity values between the
lithophysal and nonlithophysal lithologic intervals.
Perusal of the drill hole illustrations in Appendix B
confirms that the significant lithophysae-bearing
intervals typically have a stratigraphic thickness of
this order of magnitude. Although the maximum
variance observed in the sample data again never
reaches the overall sill level of 1.0, the magnitude
by which the experimental values fall short is much
less (approximately by 0.10 at lag separations of
just less than 200 ft) than was the case for the
matrix porosity data shown in figure 36(a). To
some extent, this lower-than-sill variability may be
attributed to the same zonal anisotropy and/or data-
set effects that may be responsible in part for the
very much lower-than-sill variability observed for
the matrix porosity information. However, all val-
ues of lithophysal porosity within the lithophysal
intervals themselves are derived from petrophysical
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calculations, as core samples a few centimeters in
diameter cannot contain meaningful lithophysal
cavities. The issue of two generations of petrophys-
ical values (c.f., Nelson, 1996; Thompson and
Rael, 1996) is still present. However, both sets of
porosity values (and more particularly the actual
gamma-gamma density log traces upon which
those values are based) were obtained and com-
puted in virtually the identical manner (compare
eqs. 4 and 9). Another explanation for the smaller
difference of the maximum observed variability
from the a priori variance may be simply that the
overall variability of the lithophysal porosity data
(sl = 0.08) is greater than that of the matrix poros-
ity values (sm = 0.05; table 6; fig. 16). With greater
overall variability of the true porosity of the rocks,
the small variations in measured porosity values
between these two measurement techniques simply
have a much smaller impact on the observed vari-
ability between drill holes.

For the lithophysal porosity variograms com-
puted in the different horizontal directions [fig.
41(b)], we again observe that the sample variability
never reaches the overall variance of the data.
Quite clearly, any zonal anisotropy or data artifacts
will influence the horizontal sample variograms as
well. However, in this case a much more likely
explanation of the lower-than-sill variability for
stratigraphically horizontal searches is that the

stratigraphic coordinate transformation has, in fact,
worked successfully. The purpose of the strati-
graphic coordinate convention is to place rocks
affected by similar geologic conditions at approxi-
mately the same “elevation” within the unit. When
combined with a relatively restricted vertical-
search bandwidth, as discussed on page 48 (see
also fig. 35), the stratigraphic coordinate conven-
tion means that the variogram search should find
essentially only values within a lithophysal interval
or within a nonlithophysal interval in a given com-
putation. The apparent computed variability is thus
less than the variability of the data as a whole. This
search effect is probably relevant to matrix porosity
as well, as the lithophysae-bearing intervals do
contain rock matrix that is more affected by vapor-
phase alteration than the matrix in the nonlitho-
physal intervals.

The sample variograms of lithophysal poros-
ity values have been fitted with a series of three
nested spherical variogram models using the
parameters in table 14. Only modest anisotropy has
been modeled in the horizontal dimensions, but the
vertical-to-horizontal anisotropy is quite strong
because of the relatively stratiform lithophysal
intervals. The search in the vertical direction has
been limited to 220 ft because of the hole effect.
The third nested structure, with a principal range of
50,000 ft is mostly a dummy structure, as man-
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Figure 41.  Variograms of lithophysal porosity normal-score values from the TSw model unit: (a) vertical; 
(b) horizontal. Curves with symbols represent measured data, heavy curves of corresponding line type 
represent fitted models; dotted line is the a priori variance of the data. Number of pairs: (a) 2000–4000; 
(b) 599–18,000.
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dated by the simulation requirement that the total
sill be equal to 1.0. As can be observed in figure
41, the contribution of this structure is virtually nil
for separation distances less than about 5000 ft (the
variance contribution of the two shorter-range
structures totals 0.6), and the impact of this dummy
structure becomes important only for separations
greater than 10,000–12,000 ft.

The approximately 200-ft vertical range (=
7000 × 0.0286 anisotropy ratio 2) for nested struc-
ture 2 is clearly related to the lithophysal–nonlitho-
physal layering. The origin of the approximately
30-ft vertical range [= 2000 × 0.015; prominent
knick-point in figure 41(a)] is less obvious, but as a
structure with a range of this magnitude was also
identified for the TSw matrix porosity data (fig.
36), it probably involves the intrinsic variability of
porosity in welded tuff.

Calico Hills-Prow Pass Model Unit

Porosity Variograms 

Sample variograms for total porosity from
the combined Calico Hills-Prow Pass model unit
are presented in figure 42 for the directions of min-
imum, maximum, and intermediate spatial continu-
ity. Continuity in the stratigraphically vertical
minimum-continuity direction is shown in part (a)
of the figure whereas part (b) shows spatial correla-
tion in the north–south and east–west directions.
Even though the CH-PP combined unit comprises
unaltered (vitric) and altered (zeolitic) rock types,
the presence of zeolitic alteration appears not to
have affected the spatial distribution of total poros-
ity in any meaningful manner. All data for porosity
have been combined in figure 42, thus achieving

greater statistical mass. The coherent spatial conti-
nuity patterns are also evidence that this aggrega-
tion of porosity data from the different rock types
is appropriate. 

The vertical variogram of figure 42(a) exhib-
its many of the same characteristics observed for
vertical variograms in the other modeling units.
There is a moderate hole-effect structure with an
approximate periodicity of 200 ft, and the observed
variability at all lags, up to somewhat more than
half the total unit (stratigraphic) thickness of 800
ft, never reaches the expected sill value of 1.0. We
attribute much of the hole-effect character of the
vertical variogram to the inclusion of number of
somewhat different lithologic units within the com-
bined Calico Hills–Prow Pass model unit. The
principal contributor to the hole effect phenomenon
is most likely the so-called Prow Pass welded ther-
mal/mechanical unit of Ortiz and others (1985; see
table 1). This unit appears to constitute “ash-flow
unit 3” of the Prow Pass Tuff, as described by
Moyer and Geslin (1995; see also Engstrom and
Rautman, 1996; Rautman and Engstrom, 1996a, b).
Although Prow Pass unit 3 does appear to consti-
tute an identifiable lithostratigraphic unit that is
typically welded, the degree of welding is mark-
edly less than that of the welded units within the
overlying Paintbrush Group, and the effect of the
welding process on porosity is entirely different.
This distinction of welding, per se, from material
properties has been noted previously by Schenker
and others (1995; their appendix III). In most drill
holes, the porosity values through much of the
Prow Pass unit 3 interval approximate those of the
nonwelded tuffs enclosing this unit (see also
Appendix B). The explanations advanced on

Table 14: Modeled variogram parameters for lithophysal porosity normal scores in the 
TSw model unit

Nest
No.

Model
Type

Range
(ft)

Sill

Rotation Angle 
(degrees) Anisotropy Ratio

Maximum
(horizontal)

Inter-
mediate

Minimum
(vertical) 1 2 3 1 2

Nugget 0.01

1 Spherical 2000 1000 30 0.20 0 0 0 0.500 0.0150

2 Spherical 7000 3000 200 0.40 0 0 0 0.429 0.0286

3 Spherical 50000 50000 400 0.39 0 0 0 1.000 0.0080
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page 51 for lower-than-sill variability (zonal
anisotropy or mixing of porosity values measured
by different techniques in the data set as a whole,
but not in computations along individual drill
holes) may also be contributing to the observed
vertical spatial continuity pattern, as the horizontal
variograms (next paragraph) do appear to reach the
expected sill value. 

The horizontal variograms of figure 42(b) are
quite well defined, and in fact exhibit a less irregu-
lar pattern than the horizontal variograms from the
other two model units. Spatial continuity appears
greatest in the azimuth = 0� direction and the
degree of anisotropy at longer lag spacings is quite
pronounced. An interesting phenomenon apparent
in the horizontal variograms is that whereas vari-
ability in the north–south direction appears to
increase relatively steadily toward the sill value
over separation distances of up to 25,000 ft, the
variance in the east–west direction increases to
maximum values at lags of about 5000 and 10,000
ft and then decreases markedly and remains low. 

We have fitted the variograms shown in fig-
ure 42 with three nested spherical structures using
the parameters given in table 15. Three structures
are clearly required by the vertical variogram of
figure 42(a): the knick-point at a lag of about 50 ft,
the prominent intermediate sill beginning with lags
of about 175–200 ft, and a third to make the total

variance equal to 1.0 at very long separations. Two
nested structures would appear to suffice for mod-
eling the horizontal variograms of figure 42(b).
However, use of the three-structure model in the
vertical direction mandates maintenance of this
model in the horizontal plane as well, and there is
little practical difference between the two longer-
range components. We have dealt with the hole
effect in the vertical dimension by restricting the
search in this direction during modeling to a maxi-
mum of about 180 ft, as noted on figure 42(a). 

Zeolite Alteration Variograms

Sample indicator variograms for the two
alteration categories defined in the Calico Hills–
Prow Pass model unit are presented in figure 43.
Part (a) of the figure is the vertical variogram (the
direction of minimum continuity) and part (b)
shows horizontal variograms at azimuths of 0� and
90� (maximum and intermediate directions). Notice
that the sill of the indicator variogram is not equal
to one, as was the case for the normal-score trans-
formed porosity data. For indicator variograms, the
expected sill can be computed as:

 (18)

(Journel, 1983), where C is the indicator sill,
Var{ I} is the variance of the non-zero indicator,
and F is the cumulative frequency of the non-zero
category (proportion of non-zero indicators). From
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Figure 42.  Variograms of matrix total porosity normal-score values from the CH-PP model unit: (a) 
vertical; (b) horizontal. Curves with symbols represent measured data, heavy curves of same line type 
represent fitted models; dotted line is the a priori variance of the data. Number of pairs: (a) 1000–3000; (b) 
700–11,000.
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table 11, the relative proportion of altered rocks in
the CH–PP model unit is 0.5254, so

, as indicated in
figure 43.

The vertical spatial continuity pattern is quite
well defined, as expected with systematic sampling
on nominal 3-ft centers. The variograms in the hor-
izontal plane, however, are quite irregular, perhaps
more so than any of the porosity variograms. How-

ever, with the exception of the two-point peak at
lag separations between 1000 and 2000 ft, it is
fairly evident that variability in the north–south
direction is generally low, reaching the expected
sill value of approximately 0.25 at separations
greater than 5000 ft. In contrast, variability in the
east–west direction reaches and generally remains
at greater-than-sill values at separations of only
about 2500 ft. 

The variograms of figure 43 have been mod-
eled using two nested spherical structures, the
parameters for which are presented in table 16.
Two structures are clearly indicated by the behav-
ior at very short lags in figure 43(a), and this struc-
ture appears to provide a convenient surrogate for a
higher nugget value in the horizontal plane. We

have elected to discount the north–south variogram
spike between lag separations of 1000 and 2000 ft
in favor of attempting to capture the longer, low-
variability information that is strongly represented
by the points at lag spacings of about 3000 and at
4500 ft while at the same time attempting not to
underestimate the variability at shorter lags. 

Table 15: Modeled variogram parameters for total porosity normal scores in the CH-PP 
model unit

Nest
No.

Model
Type

Range
(ft)

Sill

Rotation Angle
(degrees) Anisotropy Ratio

Maximum
(horizontal)

Inter-
mediate

Minimum
(vertical) 1 2 3 1 2

Nugget 0.01

1 Spherical 2500 2500 60 0.30 0 0 0 1.000 0.0240

2 Spherical 20000 5500 175 0.30 0 0 0 0.275 0.0088

3 Spherical 30000 11700 800 0.39 0 0 0 0.267 0.0267

C 0.5254 0.5254
2
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Figure 43.  Indicator variograms of zeolite alteration flags in the Calico Hills-Prow Pass model unit. Curves 
with symbols represent measured data, heavy curves of same line type represent fitted models; dotted line 
is the a priori variance of the data. Number of pairs: (a) 4000–9000; (b) 400–13,000.
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Indeed, as noted by a reviewer of a draft of
this report, an alternative approach to modeling the
horizontal variograms of figure 43(b) might be to
place greater emphasis on the previously noted
high variance points between 1000 and 2000 ft on
the north–south experimental variogram. Were this
the approach, one would conclude that the north–
south direction exhibited the shorter correlation
range, and that the east–west variogram and its
associated 4000-ft range represented the major axis
of anisotropy. Under this scenario, the lower vari-
ability associated with the north–south experimen-
tal variogram at distances between 2000 and 6000
ft could be considered as representing zonal anisot-
ropy.

Our preference is for the former interpreta-
tion (table 16), as this is also the direction of maxi-
mum spatial correlation observed for porosity
values in the Calico Hills–Prow Pass model unit
(table 15; fig. 42). We are also influenced by the
fact that fault blocks at Yucca Mountain tend to be
elongate north–south with layering dipping to the
east (see more below regarding faulting). Unques-
tionably, our decision with respect to modeling the
alteration-indicator flags is a compromise choice,
as the heavy solid curve in figure 43(b) is a rather
poor fit except to the sill value. 

The rather poor sample variograms exhibited
by the zeolite alteration flags in the horizontal
directions are most probably related to the fact that
alteration within the Calico Hills–Prow Pass com-
bined model unit reflects a wholly different physi-
cal phenomenon than the variation in porosity.
Specifically, whereas porosity in effect was created
at the time of deposition/emplacement of the ash-
flow and air-fall units that constitute this strati-
graphic interval, zeolite alteration is clearly a post-

depositional process related to paleo-ground-water
tables and post-cooling geochemical processes. To
the extent that the zeolite alteration formed after
faulting—as defined here (c.f. Clayton and others,
1997) by the observed offsets of the overlying Tiva
Canyon Tuff—the stratigraphic coordinate conver-
sion process will not remove the effects of faulting
properly, and the spatial distribution of the alter-
ation flags will appear more erratic and unpredict-
able than would be the case otherwise. Note that
pre-Tiva Canyon Tuff faulting is known (Clayton
and others, 1997), and there may well be pre-
Topopah Spring Tuff faulting also.

Support for the concept of an incomplete
stratigraphic coordinate transformation can be
observed in the relatively strong horizontal anisot-
ropy observed in both CH-PP porosity (table 15)
and the indicator flags (table 16). For both property
attributes, the direction of maximum spatial conti-
nuity is north–south. Faults in the vicinity of Yucca
Mountain typically trend north–south as well,
forming a series of progressively downdropped
blocks from east to west. To the extent that the
material properties in the transformed stratigraphic
coordinates exhibit this stair-step structural pattern,
one would anticipate that continuity of these prop-
erties along the structural grain would be markedly
greater than across that grain. This phenomenon
would also account for the noticeably zig-zag pat-
tern exhibited by the east–west sample variogram
as well. Incomplete removal of the effects of fault-
ing would also allow the existence of the well-
behaved sample variogram in the vertical direction,
as variability within individual drill holes cannot be
affected by faulting unless a drill hole actually pen-
etrates a fault within the stratigraphic interval of
interest.

Table 16: Modeled variogram parameters for alteration indicator flags in the CH-PP model 
unit

Nest
No.

Model
Type

Range
(ft)

Sill

Rotation Angle
(degrees) Anisotropy Ratio

Maximum
(horizontal)

Inter-
mediate

Minimum
(vertical) 1 2 3 1 2

Nugget 0.0125

1 Spherical 800 2000 10 0.0500 0 0 0 2.500 0.0125

2 Spherical 9000 4000 230 0.1870 0 0 0 0.444 0.0260
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Modeling Techniques

Geostatistical simulation comprises a large
class of modeling techniques that can produce very
complex, and presumably therefore highly realistic
numerical representations of spatially variable
properties. Simulation may be thought of as
“expanding” (Journel and Alabert, 1989) the actual
information available in a stochastic manner that is
also compatible with additional information
derived from the data ensemble and the spatial con-
text of those data. The process builds upon the geo-
logic intuition that unsampled locations nearby a
known value “tend” to resemble that value,
whereas unsampled locations at increasing dis-
tances from a known value tend progressively to
resemble that datum less and less. This intuition
will be observed statistically in a suite of several
equiprobable simulations.

The philosophical framework of simulation
is simple. Using concepts of random variables, one
develops a model of the probability density func-

tion (pdf) for a material property of interest at all
locations in space. By transforming the measured
data to their respective positions on the probability
density function and using simple kriging (Isaaks
and Srivastava, 1989), the desired pdfs can be
made conditional to a set of measured values.
Alternative realizations are simply generated by
sampling from these pdfs. The variance of individ-
ual, location-specific, pdfs will vary with the
amount of geologic uncertainty. Near conditioning
data [Figure 44(c)], the pdf associated with an
unsampled location will be relatively narrow.
Where less information is known, such as away
from data or in the vicinity of conflicting measure-
ments, the pdf will be relatively broad [figure 44(a-
b)], leading to generation of a wide range of likely
values across a suite of realizations. Because the
underlying kriging algorithm used to derive the
pdfs is an exact interpolator, the pdf degenerates to
a spike with probability = 1 at a measured location
[Figure 44(d)]. 

Simulations may be conditional or uncondi-
tional. Conditional simulations are numerically
anchored to a specific set of real-world data (as
described in the preceding paragraph), and they

possess three special properties that add to their
usefulness in evaluating the effects of geologic
uncertainty on physical process models. Specifi-
cally, conditional simulations:
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Figure 44.  Conceptual probability density functions representing the uncertainty associated with 
various unsampled locations. (a) Beyond the range of spatial correlation: pdf is virtually identical to 
the univariate histogram; essentially all that is known about the unsampled location is what is 
known about the population as a whole. (b) Far away from a sample, but within the range of spatial 
correlation: pdf is broad, indicating considerable uncertainty; distribution begins to focus on 
expected value. (c) Nearby a sample value: pdf is narrower indicating lesser uncertainty. (d) 
Immediately adjacent to a sample value: pdf is nearly a spike value corresponding to the adjacent 
sample datum (from Cromer and Rautman, 1995).
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1. reproduce the known data values at the 
same locations within the model as repre-
sented by the real-world samples;

2. reproduce the overall univariate descrip-
tive statistics of the known data values; 
and

3. reproduce the bivariate statistics, or two-
point spatial correlation structure, of the 
data.

Unconditional simulations are similar, except that
they are not conditioned to any particular spatially
anchored data, and thus item 1 does not apply. As
simulations with these three characteristics cannot
be distinguished statistically from the ensemble of

data used in their construction, they serve as alter-
native, equally-likely stochastic realizations of an
incompletely sampled and measured reality.

Simulations may also be developed using
parametric or nonparametric techniques for
mechanically inducing the desired univariate (item
2 above) and bivariate statistical properties (item
3). Parametric techniques rely upon the predictive
power of well-understood multivariate probability
functions, almost invariably the multivariate gauss-
ian. A number of algorithms have been developed
that implement gaussian-related simulation (for
example, references in Deutsch and Journel, 1992).

Sequential Gaussian Simulation of a 
Continuous Variable

The sequential gaussian simulation program
SGSIM (Deutsch and Journel, 1992) was used to
generate 100 replicate models of porosity for each
of the three model units, conditioned to the
observed porosity data from the several drill holes.
The sequential modeling process is relatively
straightforward and is implemented as follows:

1. All data values are converted to a univari-
ate standard-normal (m=0, s2=1) distribu-
tion using the graphical normal-score 

transform (fig. 45; implemented in pro-
gram NSCORE; Deutsch and Journel, 1992). 
This transformation does nothing to the 
spatial correlation structure because the 
relative positions of all values with respect 
to each other are preserved (i.e., the trans-
form is quantile preserving). However, the 
transformation does simplify the process 
of generating simulated values later in the 
algorithm.

2. The spatial correlation structure is identi-
fied using the normal-score transformed 
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Figure 45.  Graphical representation of the quantile-preserving normal-score transform process. A 
population with virtually any univariate distribution (a) can be transformed to any other univariate 
distribution (b) (here gaussian) in a manner represented by the arrows such that the quantile relationships 
among the data are preserved.
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values and modeled using standard variog-
raphy.

3. The transformed measured data are 
mapped into the model coordinate system. 
Any sample data that coincide with a 
model grid node are assigned to that node 
and identified such that those nodes are not 
simulated.†

4. A random path is defined through the 
model grid such that each unsampled node 
is visited once and only once.

5. At each unsampled grid node, a search is 
conducted for “nearby” measured data and 
for any previously simulated grid nodes. 
The search parameters (anisotropic search 
radii; number of data to use) are user spec-
ified.

6. The (user specified) N closest nodes are 
identified and weighted using simple krig-
ing (Isaaks and Srivastava, 1989) by their 
structural distance according to the model 
variogram provided as input to the algo-
rithm. Because the normal-score trans-
formed values are effectively relative 
positions on a cumulative distribution 
function, the resulting kriged value is also 
effectively as relative position on the same 
cumulative distribution function. This 
value is then taken a the expectation of a 
gaussian variable with a variance equal to 
the kriging variance (Isaaks and Srivas-
tava, 1989).

7. A uniform random value between zero and 
one is then generated and taken as the rele-
vant position on the cumulative distribu-

tion function defined in step 6. The 
corresponding cdf value is assigned as the 
simulated value for this node, the value is 
added to the set of data available for simu-
lation of as-yet unsimulated grid nodes, 
and the simulation process moves to the 
next node along the random path defined 
in step 4.

8. After all originally unsampled grid nodes 
have been simulated using the logic of 
steps 5 through 7, the resulting spatial 
array of values are back-transformed to the 
original porosity space using the inverse of 
the normal-score transform of step 1 and 
the simulation process is complete.

Spatial correlation is induced in the simulated
models through the use of previously simulated
grid-node values in determining the expected value
of subsequent local cdfs. 

Sequential Indicator Simulation of a 
Categorical Variable

Sequential indicator simulation of a categori-
cal variable (program SISIMPDF; Deutsch and Jour-
nel, 1992) was used to generate 100 replicate
models of (zeolite) alteration within the combined
Calico Hills–Prow Pass model unit, conditioned to
the observed alteration indicator flags [page 43;
eqs.(1), (8), and (18)] from the several drill holes.
The sequential simulation modeling process is
again relatively straightforward and utilizes much
the same logic of the sequential gaussian simula-
tion methodology described on page 61. Note that
no data transformation is required in the present
case. We are concerned with a categorical variable
that can take on only discrete values, and because
there are only two such categories—unaltered and
altered—the binary zeros and ones assigned by
equations (1), (8), and (15) are sufficient. The
remainder of the modeling process is as follows:

1. The spatial correlation structure of the 
binary category distinction is identified 
using standard variography. Note that 
although “contributions” toward the 
numerical value of g via equation (16) 
come only from the category assigned a 
value of one, it makes no difference to 
which category this value is assigned.

†Program SGSIM contains a user option as part of the 
search for nearby information either to relocate data 
values to grid nodes (in which case the search for 
nearby information is vastly simplified) or to leave 
the data values in their original spatial position (in 
which case the assignment and non-simulation 
described in this step, strictly speaking, is not true). 
This latter option is the one that was implemented 
for these simulations, because relocation of data val-
ues to grid nodes forces all data values to nodes, 
even if the physical distance from a drillhole sample 
to the nearest node is a full grid half-spacing. Also, 
data with close vertical spacing would be “col-
lapsed” onto a single grid node, resulting in the 
undesirable discarding of much potential informa-
tion.
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2. The observed alteration indicator flags are 
mapped into the model coordinate system. 
Any flags that coincide with a model grid 
node are assigned to that node and identi-
fied such that those nodes are not simu-
lated. 

3. A random path is defined through the 
model grid such that each unsampled node 
is visited once and only once.

4. At each unsampled grid node, a search is 
conducted for “nearby” alteration flags and 
for any previously simulated grid notes. 
Again, the search parameters are user 
specified.

5. The N closest nodes are identified and 
weighted using simple kriging by their 
structural distance according to the model 
variogram provided as input to the algo-
rithm. Because the indicator flags them-
selves are in effect representatives of a 
degenerate cumulative distribution func-
tion (alteration is either present with prob-
ability of 1 or it is absent with a probability 
of alteration equal to zero), the resulting 
kriged value is again a relative position on 
the same cumulative distribution function. 
This value is taken as the probability of the 
state: “altered rock” prevailing at that spa-
tial location.

6. A uniform random number between zero 
and one is then generated and compared 
with the probability value. If the uniform 
random number is equal to or less than the 
probability, the node is assigned an indica-
tor value of one (altered), whereas if the 
uniform random number is greater than the 
probability, the node is presumed to be 
unaltered and assigned an indicator value 
of zero. This simulated value is added to 
the set of data available for the simulation 
of as-yet unsimulated grid nodes, and the 
modeling process moves to the next node 
along the random path defined in step 3.

The result of this simulation process is one specific
realization consisting of a spatial array of ones and
zeros indicating that the rocks at each modeled
location either have been or have not been altered.

Linear Coregionalization

Numerous investigations at Yucca Mountain
have shown that various material properties are
correlated with one another (cross-variable correla-
tion); for example: Istok and others, 1994; McK-
enna and Rautman (1995); Flint and others
(1996b). There are two principal methods that have
been used to incorporate these correlations into
rock properties models in the presence of severe
undersampling of one variable. First, one may
assume a coefficient of determination (r2) equal to
one and simply apply the empirically determined
regression equation to predict the secondary
(undersampled) variable. A second method is to
model a randomly distributed error (“noise”) about
the regression line. Neither of these two alterna-
tives is particularly satisfying. In many instances,
r2 = 1.0 implies a substantially stronger relation-
ship than exists in fact. However, the technique has
been used in past modeling of rock properties at the
Yucca Mountain site (Robey, 1994). In the second
case, a cross-plot of the two resulting variables
reproduces the observed coefficient of determina-
tion, but any spatial correlation exhibited in nature
by the secondary variable is effectively destroyed
by the addition of spatially uncorrelated noise
(Robey, 1993; Rautman and Robey, 1993).

The best alternative would be to use a model-
ing methodology that reproduces both the observed
correlation between the variables and the observed
spatial correlation structure. Cokriging and cosim-
ulation (David, 1977; Journel and Huijbregts,
1978; Deutsch and Journel, 1992) are well-estab-
lished mechanisms for producing such models if
there are sufficient data from which to infer the
necessary autocorrelation and cross correlation
structures. 

However, in the presence of severe under-
sampling of the secondary variable, such as is
encountered at Yucca Mountain, an attractive prac-
tical alternative is to use a linear model of core-
gionalization (Journel and Huijbregts, 1978), in
which the spatial continuity of both the secondary
variable and the cross-variable spatial continuity is
presumed to be approximately identical to that of
the primary variable. This technique of coregional-
ization has been applied to the modeling of unsat-
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urated flow properties at the Apache Leap Tuff site
(Arizona) by Desbarats (1995; 1997), and it has
also been applied recently to modeling correlated
properties at Yucca Mountain (Altman and others,
1996; McKenna and others, 1996; Rautman, 1996;
Ho and others, 1997†).

The mathematical basis of linear coregional-
ization has been described by Journel and
Huijbregts (1978) and by Luster (1985), among
others. The description that follows is taken
broadly from Altman and others (1996) and from
Desbarats (1995; 1997). Although we are con-
cerned principally at Yucca Mountain with cases
involving two variables, there is no theoretical
limit to the number of variables that can be core-
gionalized.

Recall the following definitions from classi-
cal statistics applicable to random variables (see
for example, Larson, 1982). Consider a set of ran-
dom variables X1, X2, ¤ Xn, with expected values

, , ¤, and variances of:

, and

, ¤.

The covariance of X1 with X2 is defined as: 

, ¤, (19)

and the correlation coefficient between variables
X1 and X2 is: 

 , ¤. (20)

Recall also that the covariance of a variable with
itself (the autocovariance) is equal to the variance
of that variable: i.e., .
We can now define the following covariance
matrix as a concise means of expressing the vari-
ous relationships described above (for two vari-
ables only):

, (21)

where the “c” denotes the (co)variance operator
and the subscripts indicate the variables involved.

Note that if the variables are (for convenience) in
standard normal form with mi = 0 and s2i = 1, then
the diagonal terms of c will be equal to 1 and the
off-diagonal terms reduce to the correlation coeffi-
cient, r. 

Now consider a weighted linear combination
of a number of different random variables, Xi, such
that the resulting random variable Y is defined as:

(22)

where the ai are any set of constants (weights). It is
now possible to make statements about the mean
and variance of Y. Thus (Larson, 1982): 

, and (23)

 

. (24)

The case of spatially varying random vari-
ables, such as are of interest at Yucca Mountain, is
essentially identical, only now the value of each
variable is a function of spatial position, x; such
spatial variables are, by convention, frequently rep-
resented as Z; thus Z(x). The strength of the spatial
correlation is typically defined through use of a
covariance matrix, which, in the presence of sec-
ond-order stationarity, is a function of the separa-
tion vector (h) between two locations, x and x+h.
Although computations invariably are performed
using the covariance matrix, C(h), most geologic
descriptions of spatial variability typically make
use of the (semi)variogram, g(h), related through:

. (25)

We can thus define the following direct and
cross-variable semivariograms for two variables Z1
and Z2 separated by h:

, (26)†Ho and others milestone reference
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, (27)

, (28)

where the expression C1Spha(h) refers to a spheri-
cal variogram model with range = a and sill =C1. 

Returning to the issue of coregionalization of
two spatial variables, the objective is to obtain a
joint model of two variables, Z1 and Z2, such that
the spatial relationships described by equations
(26) through (28) are satisfied simultaneously. To
do this, we define two new variables, Y1 and Y2.
Each of these variables has E[Y1] = E[Y2] = 0, and
they are described by identical covariance func-
tions K1(h) and K2(h). Furthermore, these vari-
ables are independent of one another, such that
K12(h) = 0 for all separation vectors, h ¡ 0. We
now redefine our desired variables, Z1 and Z2, as a
weighted linear combination (equation 23) of the
new variables, Y1 and Y2:

(29)

(30)

where the weights are defined by the terms of the
matrix:

. (31)

Note that because Y1 and Y2 were specified as inde-
pendent (uncorrelated), Cov[Y1,Y2] = 0 and all the
terms involving Cov[Xi,Xj] with i ¡ j drop out of
equation (24). Thus, we can express the direct and
cross covariances of our desired final variables, Z1
and Z2, as:

, (32)

, (33)

. (34)

Under the hypothesis that the variables are
coregionalized (and without objective evidence to
the contrary), we assume that these direct and cross
covariances are identical. This assumptions leaves
only the four weighting factors (the aij) to be deter-
mined. However, there are four unknowns with
only three descriptive equations. Luster (1985) and
Altman and others (1996, after Luster) dealt with

this under-determined case simply by setting one
of the weights to zero (choose: a12 = 0). This
choice has the practical effect of setting one of the
Z variables equal to one of the Y variables, thus:

 and (35)

, (36)

with:

, (37)

, and (38)

, (39)

leaving us with three equations and three
unknowns. Although this arbitrary choice setting
one of the weights to zero produces only one of a
large number of possible values for Z2, this number
is sufficient for our purposes. This approach is also
convenient in that if a12 = 0, then it can be shown
that a11 = 1, a21 = the correlation coefficient, r, and
a22 = ¾(1-r2), thus simplifying the computations.

If we select one of the conditional porosity
simulations as Z1(x), and convert those values to
standard normal form Z1�(x) = Y1(x) (with mi = 0
and s2i = 1) using the graphical normal-score
transform (GSLIB program NSCORE; fig. 45), we
are now in a position to compute (Desbarats,
1995): 

 , (40)

which gives us the remaining coefficients of A. We
then generate a second, independent (i.e., uncondi-
tional) standard-normal simulation using the same
variogram parameters, and by substitution of these
Y2 values in equation (36), we obtain values of
Z2�(x) corresponding to each input value of Z1(x),
and which overall exhibit the desired correlation
coefficient, r. Because Z2�(x) is still in standard
normal form (mi = 0 and s2i = 1), we can back-
transform these values to an appropriate univariate
distribution for Z2(x) using the GSLIB routine
TRANS. 

In the modeling described in this report, the
process of linear coregionalization is applied to
create spatially and cross-variable correlated simu-
lated models of thermal conductivity and log10 sat-
urated hydraulic conductivity using the observed
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correlation of these secondary properties with
porosity. The univariate distributions used in the
back-transformations are those described in the
appropriate portions of the section on Statistical
Description.

Post-Processing of Simulations

Porosity-as-a-Surrogate for Rock-Type Classes

Geostatistical simulation, including the gen-
eration of secondary property fields through core-
gionalization, produces coherent fields of spatially
correlated rock properties. However, we also know
from material presented in the section on the Statis-
tical Description of hydraulic conductivity that at
least three rock-type classes exist for this second-
ary property: viz., a vitric-through-devitrified con-
tinuum, a “zeolitic” altered continuum, and a
microfractured vitrophyre continuum. Generation
of the final full-field property models thus requires
one or more post-processing steps to delineate
these three rock types and ensure that the proper
correlations of hydraulic conductivity with poros-
ity are respected. Once the proper rock-type class
has been determined the generation of the appro-
priate hydraulic conductivity value is mathemati-
cally trivial, once the various submodels have been
generated. The steps are outlined in figure 46 for
intermixed unaltered and altered (“zeolitic”) rocks,
and in figure 47 for microfractured vitrophyres.
Current treatment of thermal conductivity is sim-
plified, in that this property has been modeled for
only one rock-type classification, the vitric-devitri-
fied continuum, and for only one geologic unit, the
welded portion of the Topopah Spring Tuff.  

Figure 46 is the post-processing logic dia-
gram used to generate the full-field coregionalized
saturated hydraulic conductivity field for the Cal-
ico Hills–Prow Pass model unit, while accounting
for the presence of hydrous-phase mineral alter-
ation. The process begins with the simulated poros-
ity field and a corresponding field of estimated
alteration flags. Note that no changes are required
to the porosity field itself, as the zeolitization pro-
cess appears not to affect the total amount of pore
space in the rock (see text associated with fig. 25).
We begin the post-processing process by generat-
ing a coregionalized preliminary hydraulic conduc-
tivity field, for which the appropriate histogram

and variogram are reproduced. Each grid node
within the preliminary conductivity field is then
evaluated for the likely presence of (zeolitic) alter-
ation. If specific node considered is modeled as
unaltered, the preliminary hydraulic conductivity
value is retained for the final, full-field conductiv-
ity model. If, however, the grid node has been
modeled as “altered,” the preliminary hydraulic
conductivity value is discarded, and an “interim”
simulated “zeolitic” hydraulic conductivity value
that is not correlated with porosity is drawn ran-
domly from a normally distributed population with
the desired mean and variance for CH–PP samples
(m= –10.2; s = 0.83 log units; see fig. 26). Because
approximately 30 percent of the hydraulic conduc-
tivity samples measured in the laboratory for
altered rocks from the Calico Hills–Prow Pass
model unit yielded no-flow results, a second ran-
dom number was generated from a uniform distri-
bution. If the second random number was less than
0.30, the interim conductivity value was also dis-

Figure 46.  Logic diagram for post-processing 
porosity and alteration indicator simulations to 
recognize hydraulic conductivity dependence on 
alteration state. See text for discussion.
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carded and replaced by a simulated no-flow con-
ductivity of –14.0 log10 m/sec. If the uniform
random number was greater than or equal to the
desired fraction of no-flow values, the interim con-
ductivity value was retained for the final full-field
simulation of the Calico Hills–Prow Pass model
unit. 

A similar logic diagram is presented in figure
47 that outlines simulation of saturated hydraulic
conductivity fields for the Topopah Spring welded
model unit to account for the local presence of vit-
rophyric rocks. An input simulated model of TSw
porosity is coregionalized to produce a preliminary
spatially correlated conductivity field. For each
grid node, the corresponding porosity value was
examined to determine if the node was likely to
represent a low-porosity and presumably microf-
ractured vitrophyre. If the porosity value was
greater than 0.05 (see text associated with fig. 27),
the node was determined unlikely to represent a
vitrophyre, and the preliminary hydraulic conduc-

tivity value was retained for the full-field simula-
tion. If, however, the relevant porosity value was
less than or equal to 0.05, the node was judged vit-
rophyric, and a “microfractured” hydraulic conduc-
tivity value was drawn at random from a uniform
population with a range from –14.0 to –6.0 log10
m/sec and placed in the final, full-field model of
simulated hydraulic conductivity.

Model Validation

A fundamental premise of the Monte Carlo
simulation approach is that each individual realiza-
tion is a plausible model of the unknown real world
and that variation between the different stochastic
realizations represents a variety of outcomes con-
sistent with all that is known. Presumably, the only
meaningful difference between realization 1 and
realization N is that a different random number
“seed” was used to initiate the simulation process
(definition of the random path and generation of
the various uniform random numbers that produce
the output value at each node from the locally con-
ditioned probability density function). Recalling
that conditional simulations theoretically possess
the attributes of data reproduction described on
page 61 it should be possible to test the validity of
individual models in terms of statistical similarity
to the data.

Recognizing that the term validation has a
number of frequently controversial meanings
within the modeling community, we hereby restrict
the meaning of this word for purposes of this report
to the following empirical tests of agreement
between a simulated exhaustive model of reality
and the underlying partially known (i.e., sampled)
vision of reality that we have obtained from site
data.

1. Does the model reproduce the measured 
values of the particular attribute that were 
used to generate the model at the proper 
spatial position of those values?

2. Does the model as a whole reproduce the 
statistical character of the data ensemble 
used to condition the model?

3. Do the individual modeled attribute values 
exhibit spatial correlation consistent with 
the spatial continuity patterns exhibited by 

>

Figure 47.  Logic diagram for post-processing 
porosity and hydraulic conductivity simulations to 
recognize vitrophyre rock type. See text for 
discussion.
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the sample data and with the geologic pro-
cesses that produced the real world?

Note that each of these three criteria is, by the very
nature of the modeling problem, subject to certain
limitations on “exactness.” First and foremost
among these limitations is that the underlying real-
ity is known only imperfectly through sampling.
Were the real world known exhaustively in fact,
there would be no reason for producing models and
estimating uncertainty. This is a very real and chal-
lenging limitation, and it is unclear how much
departure from the sample statistics should be tol-
erated before declaring an exhaustive model “unre-
alistic.” Second, constructed models are typically
discretized to a grid of values of some defined res-
olution for computational purposes. Thus, the
degree of reproduction of data values and of statis-
tical character is influenced by the coarseness of
the modeling grid. Unlike the imponderable deci-
sion of how much reliance to place on an imper-
fectly sampled set of data, some of these
considerations can be answered, if necessary, by
increasing grid resolution.

Summarized Suites of Simulations: Expected-Value 
Models

Monte-Carlo-style simulation modeling pro-
duces entire suites of models, all of which are pro-
posed as statistically indistinguishable from one
another (and from the known data). Dealing with
suites of models is, in itself, a challenge, and fur-
thermore, is goal dependent (see also fig. 6 on
page 17). If the objective of a modeling exercise is
to evaluate whether or not the ground-water travel
time from point A to point B will meet or exceed
some stated value with some specified degree of
confidence, then it is a matter of computing the
ground-water travel time (presumably using parti-
cle-tracking methods) using some flow-and-trans-
port computer code from point A to point B in each
of a group of separate material-property realiza-
tions and evaluating what proportion of those indi-
vidual computations met or exceeded the stated
criterion. If the objective is to evaluate the uncer-
tainty (i.e., range of likely values) associated with a
particular point in space, then it is a matter of eval-
uating some (large) number of equiprobable sto-
chastic outcomes for that spatial position as
suggested by the diagram of figure 48, and describ-

ing the variability using some statistical summary
value (total range, interquartile range, variance,
standard deviation, etc.). Recall that the ordinary
kriging variance is independent of the magnitude
of the kriging estimate (something that is rarely
observed in earth science data), and is a quantita-
tively rigorous measure of local accuracy under
relatively restrictive conditions of fully multigauss-
ian spatial behavior (Deutsch and Journel, 1992; p.
15). The simulation approach, because it relies on
(constrained) random number generation from the
full range of physically possible values in a
sequential manner in which early-simulated values
influence the generation of later-simulated values,
is held to be a more robust approach to the evalua-
tion of uncertainty in the face of departures from
multigaussian behavior including contradictory
conditioning information.

One common method of summarizing a suite
of stochastically generated models is to focus on
the spatially distributed values judged as “likely”
to be encountered by actual sampling according to
some desired criterion. Although the mathemati-
cally expected value, corresponding theoretically
to the arithmetic mean of a very large number of
simulations is frequently selected as the object of
interest (the so-called expected-value or E-type
model), there is no a priori reason for selecting the
material-property expectation except convention.
One might as well select the median value (M-type
model) of the available realizations or the q-quan-
tile model where q is essentially arbitrary. The
point is that a summary model is precisely that—a
summary of something else. Accordingly, the con-
venient correspondence between a summary model
and the observed attributes of the real world data
(page 61) no longer need be present (see also
Model Validation beginning on page 67). Note also
that under strict assumptions of multivariate gauss-
ian spatial behavior, the E-type model for an infi-
nite number of individual realizations is identical
to a kriged model (Journel and Huijbregts, 1978).

We present in this report a set of summarized
models corresponding to the E-type model, com-
puted as a grid node-by-grid node average of each
set of simulated models. The computational pro-
cess is effectively trivial and is illustrated schemat-
ically in figure 48.
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Uncertainty Measures

In addition to the somewhat conventional E-
type summary models for each material property in
each of the three model units presented in this
report, we compute and present a set of models of
uncertainty as captured by the standard deviation
of the relevant realization suite. Computation of
the standard deviation is relatively mechanical, and
is performed in the same manner as the computa-
tion presented in figure 48. Other uncertainty mea-
sures, such as the inter-quartile range or a 95-
percent confidence interval also could be computed
and portrayed as models of uncertainty for a partic-
ular purpose.

Figure 48.  Conceptual representation of the 
process of developing a summary model from a 
suite of stochastic realizations for two 
dimensions. Note that it is possible to construct 
summary models showing virtually any desired 
statistical summary at each spatial location.
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Plate 1.  Perspective diagram looking northeast without vertical exaggeration of the composite total porosity model of Yucca Mountain 
developed as part of this study, including the upper Paintbrush nonwelded model unit, the Topopah Spring welded unit, and the Calico 
Hills–Prow Pass model unit. Welded rocks of the Tiva Canyon Tuff not modeled, and are shaded grey; units underlying the pre-Prow Pass 
tuff bedded tuff are not shown. Vertical red objects represent drillhole locations, and horizontal red object is the ESF main drift and south 
ramp. See also plate 2.
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Plate 2.  Closer view perspective diagram from plate 1 looking northeast with 2x vertical exaggeration of the composite total porosity model of 
Yucca Mountain showing additional detail of material properties heterogeneity. Porosity color scale same as plate 1. Unit abbreviations: PTn–
upper Paintbrush nonwelded model unit; TSw–Topopah Spring welded model unit; CH–PP–combined Calico Hills–Prow Pass model unit. 
Nevada state plane coordinates in feet.
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Plate 3.  Perspective diagram looking north of the composite total porosity model for all three model units. Front of model is along Nevada 
state plane coordinate 761000 N; 2x vertical exaggeration. Red object is ESF south ramp.
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Plate 4.  Perspective diagram looking north of the composite total porosity model for all three model units. Front of model is along Nevada state 
plane coordinate 766000 N; 2x vertical exaggeration. Red object is ESF main drift and south ramp.
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Plate 5.  Perspective view looking east of the composite total porosity model for all three model units. Front of model is along Nevada state 
plane coordinate 560,000 E; 2x vertical exaggeration. Red objects are ESF ramps; fault surfaces are grey.
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Plate 6.  (a)–(d) Four simulations of porosity in the PTn model unit; (e) E-type model of porosity in the 
PTn model unit; (f) uncertainty of porosity in the PTn model unit; (g) E-type model with colors adjusted to 
show selected features. North–south cross section 15, looking west.
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Plate 7.  (a)–(d) Four simulations of porosity in the PTn model unit; (e) E-type model of porosity in the 
PTn model unit; (f) uncertainty of porosity in the PTn model unit; (g) E-type model with colors adjusted 
to show selected features. East–west cross section 28, looking north.
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Plate 8.  (a)–(d) Four simulations of porosity in the PTn model unit; (e) E-type model of porosity in the 
PTn model unit; (f) uncertainty of porosity in the PTn model unit; (g) E-type model with colors adjusted 
to show selected features. East–west cross section 34, looking north.
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Plate 9.  (a)–(d) Four simulations of lithophysal porosity in the TSw model unit; (e) E-type model of 
porosity in the TSw model unit; (f) uncertainty of lithophysal porosity in the TSw model unit; (g) E-type 
model with colors adjusted to show selected features. North–south cross section 15, looking west.
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Plate 10.  (a)–(d) Four simulations of lithophysal porosity in the TSw model unit; (e) E-type model of 
porosity in the TSw model unit; (f) uncertainty of lithophysal porosity in the TSw model unit; (g) E-type 
model with colors adjusted to show selected features. East–west cross section 28, looking north.

(a)

(b)

(c)

(d)

(f)

(g)

(e)



80          Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada

0.0 Porosity 0.50

0.0 0.10Standard Deviation

Plate 11.  (a)–(d) Four simulations of lithophysal porosity in the TSw model unit; (e) E-type model of 
porosity in the TSw model unit; (f) uncertainty of lithophysal porosity in the TSw model unit; (g) E-type 
model with colors adjusted to show selected features. East–west cross section 34, looking north.
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Plate 12.  (a)–(d) Four simulations of matrix porosity in the TSw model unit; (e) E-type model of matrix 
porosity in the TSw model unit; (f) uncertainty of matrix porosity in the TSw model unit; (g) E-type 
model with colors adjusted to show selected features. North–south cross section 16, looking west.
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Plate 13.  (a)–(d) Four simulations of matrix porosity in the TSw model unit; (e) E-type model of matrix 
porosity in the TSw model unit; (f) uncertainty of matrix porosity in the TSw model unit; (g) E-type 
model with colors adjusted to show selected features. East–west cross section looking north.
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Plate 14.  (a)–(d) Four simulations of matrix porosity in the TSw model unit; (e) E-type model of matrix 
porosity in the TSw model unit; (f) uncertainty of matrix porosity in the TSw model unit; (g) E-type 
model with colors adjusted to show selected features. East–west cross section 35, looking north.
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Plate 15.  (a)–(d) Four simulations of porosity in the CH–PP model unit; (e) E-type model of porosity in 
the CH–PP model unit; (f) uncertainty of porosity in the CH–PP model unit; (g) E-type model with 
colors adjusted to show selected features. North–south cross section 15, looking west.
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Plate 16.  (a)–(d) Four simulations of porosity in the CH–PP model unit; (e) E-type model of porosity in 
the CH–PP model unit; (f) uncertainty of porosity in the CH–PP model unit; (g) E-type model with 
colors adjusted to show selected features. East–west cross section 28, looking north.
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Plate 17.  (a)–(d) Four simulations of porosity in the CH–PP model unit; (e) E-type model of porosity in 
the CH–PP model unit; (f) uncertainty of porosity in the CH–PP model unit; (g) E-type model with 
colors adjusted to show selected features. East–west cross section 34, looking north.
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MODELING RESULTS

The material property models generated as
part of this study are intended principally for use as
numerical input to flow-and-transport modeling
codes, and as a result the models are not particu-
larly intended for visual presentation. Additionally,
the models themselves are stochastic, and thus in
essence are the products of a (sophisticated) ran-
dom-number generator. We therefore place primary
emphasis throughout this Modeling Results section
on “validating” the simulated models statistically
in terms of the three desirable features of condi-
tional simulations, as discussed initially on
page 60. 

Nevertheless, in order to provide a general-
ized overview of the rock property models as a
whole, we also present a small number of represen-
tative perspective diagrams and cross sections
illustrating selected features of the models as color
plates 1 through 14. Plates 1 through 5 are three-
dimensional perspective views of the combined E-
type summary models, and these images include all
three rock-properties modeling units: PTn, TSw,
and CH–PP. Plate 1 is presented with no vertical
exaggeration to give some idea of the true vertical
versus lateral extent of the various units at Yucca
Mountain. Plates 2 through 5 are vertically exag-
gerated by a factor of two; however, it is still diffi-
cult to visualize the relatively thin PTn model unit
even at this scale. Various of the many subunits
(table 1) that have been described at Yucca Moun-
tain are identified on the color plates. It is impor-
tant to note, however, that these smaller-scale
“units” are not modeled explicitly, but exist only as
porosity values that are higher or lower than their
surroundings, as conditioned by the measured
porosity data throughout the model domain and the
quantitative models of spatial correlation described
in this report.

The locations of the several section profiles
shown as plates 6 through 17 are given in figure 49.
All two-dimensional sectional views of the rock
properties models in this part of the report are still
in stratigraphic coordinates, and the views pre-
sented include both individual simulated models,
summary E-type models, and summary uncertainty
models, as described on page 68. 

PTn Model Unit

Porosity

Description of Models

The PTn model unit is shown as an expected-
value porosity model in perspective view in plates
1 through 5. Two cross-sections and one “long”
section (i.e., parallel to structure) showing several
realizations, the E-type model, and the uncertainty
model are presented in plates 6, 7, and 8. Note that
profiles (e) and (g) of each figure are identical,
except that the uniformly varying color scale used
in part (a)–(e) of each figure has been compressed
and stretched in part (g) to highlight selected fea-
tures of the models. 

Several things are quite apparent in the sec-
tional views of the PTn porosity models. First, the
porosity values are typically high, as befits a unit
dominated by nonwelded materials. Second, the
high porosity values are not uniformly distributed
throughout the modeled volume, but rather are gen-
erally restricted to the middle parts of the profiles
(vertically). Both the top and base of the PTn
model unit are defined by more or less sharp transi-
tions from nonwelded to welded tuff. Third, it is
quite clear that the top and base either have not
been “picked” consistently across the drill hole
data base, or else that the material property bound-

Figure 49.  Location map for the sectional views of 
rock properties models presented in this report. 
Label numbers are grid node specifiers from rows 
and columns of modeling mesh. Area shown is 
same as in figures 8–10.
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aries transgress the lithostratigraphic unit bound-
aries identified in the stratigraphic compendium
(Clayton, 1996). Note in particular, the prominent
very dark blue to purplish band of color along the
top of part (g) of each figure. These cold colors
represent very low porosity values associated with
welded tuffs of the overlying (and not modeled)
Tiva Canyon Tuff. The undulatory and discontinu-
ous nature of this upper part of the figure suggests
that the same the same degree of welding was not
applied as a criterion for the distinction between
lithostratigraphic units Tpcpv3 and Tpcpv2 or
Tpcpv1. The same reasoning applies to the lower
contact of the PTn model unit, as part (g) of each
figure contains a deep blue/purple mass along the
lower margin whereas the dominant porosity value
is coded more of a light blue to green. 

Fourth, porosity changes within individual
lithostratigraphic units appear to be reproduced.
For example, consider the extreme right-hand end
of the long section shown in plate 6. Part (g) of this
figure accentuates the two low-porosity zones that
extend south from the general latitude of drillhole
G-2 (Appendix C) that are also visible to a lesser
extent in plate 6(e). These two stratigraphic inter-
vals correspond to the welded portions of the
(upper) Yucca Mountain and (lower) Pah Canyon
Tuffs in this extreme northern part of the modeled
area. The porosities of the Yucca Mountain Tuff
appear markedly lower than those of the Pah Can-
yon Tuff. The change of welded materials laterally
into high-porosity nonwelded tuff is quite striking
for the Pah Canyon Tuff, and this change is consis-
tent with field observations that the Pah Canyon
throughout much of its extent is typified by very
large yellowish-grey pumice clasts dispersed in a
generally pinkish groundmass. The origin of the
prominent break in high-porosity materials at
approximately Nevada State Plane coordinates
758,000–760,000 feet is not immediately apparent.
However, the fact that this unexplained transition is
directly associated with “bulges” in the low-poros-
ity top and base of the unit suggests that the poros-
ity break is associated with a single drill hole.

Uncertainty, as represented by the node-by-
node standard deviations of porosity across the 100
stochastic simulations used to generate the E-type
model, is not the same throughout the model

domain. Uncertainty is presented in part (f) of each
plate, 6–8. The various shades of blue represent
regions of lower uncertainty associated with the
more densely drilled portions of the repository
block, whereas uncertainty increases (represented
by blocks colored yellow to red) in regions of more
sparse drilling. The difference in the uncertainty
model between the northern part of the repository
block, shown for cross section 35 in plate 8(f), and
the southern part of the block [cross section 29;
plate 7(f)] is quite striking. Cross section 35 is
influenced by drill holes UZ-14, G-1, H-1, NRG-
5–7, and SD-9, whereas cross section 29 is con-
strained effectively by only drill holes SD12, WT-
2, and H-4. Note that in plate 7, uncertainty is
markedly greater west of the Ghost Dance Fault (to
the west of profile 16).

Validation

Criterion number 1 for a “good” stochasti-
cally simulated rock properties model is reproduc-
tion of known data values at the same locations in
the model as were sampled in the real world. The
implicit assumption is that a model that does not
reproduce measured values appropriately is imme-
diately distinguishable from reality, and hence, a
distortion. The complicating factor in making the
required comparison is that whereas drillhole data
have unique and specific sets of three-dimensional
coordinates related to the sampling process itself,
the simulated models as constructed are discretized
on a relatively coarse three-dimensional grid.

In this study, the grid spacing for the PTn
model unit is 250x250x2 meters (x:y:z; table 3).
Because of the coarse spacing in the horizontal
plane, a drillhole with its contained data may be
located as much as 176 m (some 580 ft) distant
from the nearest grid node. Given that the ranges of
spatial correlation described in the section on Spa-
tial Continuity Description are, in some cases, on
the order of 2000–5000 ft (for the first nested struc-
ture), it is evident that there may be non-trivial dif-
ferences for some drill holes that are poorly
situated with respect to the simulation grid.
Another consideration is that even with a 2-m
(about 6 ft) vertical discretization interval, it is
clearly impossible to individually represent each
and every downhole sample where the nominal
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sample spacing is only about 1 meter (3 ft). Note
that vertical discretization effects will be markedly
more pronounced in the other two model units, for
which a 10-m vertical grid spacing was used. Sub-
ject to these mechanical limitations, the several

drillhole profiles should be reflected generally in a
porosity profile extracted from the model in the
immediate vicinity of that hole. 

In general, reproduction of the input porosity

data in the four simulations selected randomly
from the suite of realizations for the PTn model

unit is quite good, as illustrated in figure 50. The
overall character of the vertical changes in porosity
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Figure 50.  Comparison of porosity profiles extracted from simulated models of total porosity with input 
porosity data and with the E-type model results for the PTn model unit at grid nodes nearest drillholes 
(a) G-3, (b) SD-9, (c) UZ-16, and (d) WT-17.
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(shown in the solid heavy line) is definitely cap-
tured in each simulation. Most of the more evident
discrepancies are related to short-wavelength fea-
tures in the input data (corresponding to the thin
reworked depositional units?); these differences are
most pronounced where the feature in the original
data is located midway between two adjacent grid
nodes. In a few instances, three of the four simula-
tions closely approximate the measured data curve,
whereas the fourth indicates a rather different sim-
ulated porosity value [e.g., specific examples in fig.
50(a) at approximately 42, 65, 105, 125, 183 ft.,
etc.]. These disparate data points are attributed to
interaction between imprecise coincidence of drill
hole and grid node with the randomness of the
sequential path through the model domain along
which the unit is simulated. At every point not pre-
cisely coincident with a measured value, there is a
finite probability of generating an “odd” property
value. If an adjoining grid node (located yet farther
away from the conditioning drill hole) simulated
early in the sequential filling process by chance
receives a low-probability value that is much
higher (lower) than those at the drill hole, this
value will influence later simulation of the node
closest to the drill hole in proportion to its spatial
position and magnitude. Across a large number of
simulations, however, the impact of these statistical
fluctuations should be minimal, and indeed, the
profile of the expected-value model (shown in fig.
50 as the dashed line without symbols) is observed
to pass through the cluster of values more similar
to the nearest measured porosity. 

Criterion number 2 for reasonable simula-
tions involved the univariate statistical character of
the ensemble of data used to condition the simula-
tion process. In essence, this criterion involves
reproduction of the histogram, including both the
mean and the variance. Because simulations do, in
general, reproduce the input data histogram quite
closely, it is important to ensure that the data used
to condition a modeling exercise are as unbiased as
possible. Preferential sampling of either high or
low values because of some external criteria
(including logistical limitations) will, if left uncor-
rected (for example Deutsch, 1989) lead to the pro-
duction of simulated models for which the values
tend to be either too high or too low.

Figure 51, parts (a) through (d), presents his-
tograms of the four simulated porosity models of
the PTn model unit that were summarized for spe-
cific drill hole locations in figure 50. For compari-
son, figure 51(e) is a representation of the original
porosity values used to condition the simulations of
parts (a) through (d); see also fig 15. In addition to
the histograms themselves, figure 51 includes sev-
eral summary statistical measures for each relevant
population. Clearly, the simulated models of PTn
porosity not only reproduce the mean of the mea-
sured values, but they also reproduce the full range
of observed variability (i.e., standard deviation)
and, by implication, the high-order moments
(skewness; kurtosis) as well. Reproduction of the
high-order moments is demonstrated by the near-
identical shapes of the histogram plots and by the
highly asymmetric quartile intervals and mini-
mum–maximum relationships.

Figures 52 and 53 present three-dimensional
variograms of the simulated porosity models of the
PTn model unit.† Part (a) shows the vertical vario-
grams, whereas part (b) and (c) show the horizontal
variograms in the directions of maximum (azimuth
135�) and minimum (45�) continuity. Figure 52
represents a summary of all 100 simulated models
as the average variogram and 95-percent confi-
dence intervals, and figure 53 compares the vario-
grams from the four simulated models from figure
51 and from the expected-value summary model.
Also shown for comparison in the heavier line
weights are the modeled variograms from
figure 34. 

Reproduction of the desired vertical vario-
grams by the simulated models is excellent. All
four simulations in figure 53 plot essentially on top
of the input model. However, the variogram from
the E-type summary porosity model does not. This
latter variogram indicates that for each given dis-
tance less than the range of spatial correlation, the
E-type model exhibits a lower degree of variability
than do the individual stochastic realizations and
the modeled summary of the actual measured data.

In the stratigraphically horizontal dimension,
the variograms of the individual simulated porosity

†See also discussion of variograms in Appendix D.
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models indicate a modest degree of anisotropy, but
the apparent maximum range of correlation is
somewhat less than was specified by the input vari-
ogram (heavy curves). The variogram curves in fig-
ure 53(b) also include the sample variogram plots

in the appropriate directions (the irregular lines
with circular symbols; see also fig. 34). Note that
for each of the stochastic realizations shown in fig-
ure 53(b), the variograms of the simulations appear
to resemble the sample variograms more closely

(a) (b)

(c) (d)

Figure 51.  Histograms of four individual simulations of total porosity in the PTn model unit [(a)–(d)] 
compared to the original porosity data [(e)] and E-type summarized model [(f)]. Associated statistical 
summary shown for each histogram.

(e) (f)

Porosity, as a fractionPorosity, as a fraction
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than the input modeled variogram. This effect is
particularly noticeable for the variogram at azi-
muth = 135�. We had inferred the model vario-
grams in figure 34 giving somewhat more weight
to the low-variance value at separation distances of
about 13,000 ft because the guiding conceptual
model of ash-flow deposition suggests that one
might expect long-range spatial correlation. How-

ever, the conditioning data in this case appear to
work to influence the simulated models in the
opposite direction: giving more weight to the sam-
ple variogram points at 7000 and 9000 ft. This type
of robust behavior with respect to the influence of
data is a hallmark generally of geostatistical meth-
ods.

(b)

Figure 52.  Reproduction of input variograms for simulated porosity models of the PTn model unit: (a) 
stratigraphic vertical, (b) stratigraphic horizontal, azimuth = 135�; (c) stratigraphic horizontal, azimuth = 45�. 
Dashed line with error bars is average variogram with plus/minus 95-percent confidence interval; heavy 
solid line is input variogram model.

(c)

(a)
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Bulk Density

The model of bulk density for the PTn model

unit was created using direct regression on total
porosity. Bulk density is predicted by the relation-
ship:

, (41)

as presented previously in figure 22(b). The coeffi-

cient of determination (r2 value) for this regression
is 0.972. Note that in contrast to the models of
other secondary material properties described in

this report, the bulk density model is simply an
expected-value-type model, and it was generated
simply by applying equation (41) to the summary

E-type model of porosity. 

Saturated Hydraulic Conductivity

Models of saturated hydraulic conductivity
for the PTn model unit were created by linear core-
gionalization with each of the individual porosity
models for this unit. There are thus 100 separate
stochastic realizations of hydraulic conductivity,
which have also been summarized through the cre-
ation of a single E-type hydraulic conductivity
model.

Histograms of four of the individual core-
gionalized saturated hydraulic conductivity models
for the PTn model unit are shown in figure 54,
parts (a)–(d). A histogram of the 64 measured PTn
hydraulic conductivity values is shown for compar-
ison in part (e) of the figure. Note that this latter
histogram represents a subset of the entire mea-
sured Ksat data set (PTn–TSw–CHPP) shown in
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figure 26(a). The histogram of the summary E-type
model of hydraulic conductivity for the PTn model
unit is presented in part (f) of figure 54. 

Saturated hydraulic conductivity was dem-
onstrated to be correlated quite strongly with
porosity for unaltered rocks in the section on Satu-
rated Hydraulic Conductivity beginning on page
35. The coefficient of determination is approxi-
mately 0.6. This partial correlation has been repro-
duced through the coregionalization process, as
indicated in figure 55, for the four individual real-
izations that have been used previously as illustra-
tions [compare to fig. 25(c)]. The irregularly
clustered appearance of the plots is largely an arti-
fact related to the limited number of actual Ksat
measurements from the PTn model unit (64) that
has been used to describe the univariate character-
istics of the simulated models. Also, the scatter-
plots of figure 55 were generated using only a 5-
percent subsample of each full simulated model in
order to generate logistically feasible diagrams (the
full simulations each contain more than 54,000 val-
ues, too many to plot in a reasonably sized com-
puter file). Although the 5-percent sample was
selected at random, the subsampling process may
have accentuated the clustering caused by the
somewhat blocky data histogram of figure 54(e). 

As indicated in figure 55, the strength of the
correlation between simulated hydraulic conductiv-
ity and simulated porosity is somewhat stronger
than that observed from the measured data (origi-
nal r2 = 0.603). However, the original correlation
between porosity and hydraulic conductivity,
shown in figure fig. 25(c) and used in the coregion-
alization algorithm, was based on all available Ksat
values measured for all unaltered core samples [N
= 291; table 8; fig. 26(c)]. These data included
specimens from the PTn model unit, the TSw
model unit, and the combined Calico Hills–Prow
Pass interval to achieve the benefits of greater sta-
tistical mass (there are only 64 available samples
from the PTn unit itself). As the PTn model unit
consists almost entirely of nonwelded rock types,
the correlation exhibited by these simulations
might be expected to be stronger than for an aggre-
gation of different rock types including nonwelded,
densely welded, and even microfractured vitrophy-
ric samples.

Figure 56 is an equivalent scatter diagram
showing the correlation between the E-type models
of saturated hydraulic conductivity and porosity for
the PTn model unit. In distinct contrast to the
crossplots of figure 55, which indicated distinct-
yet-not-perfect cross-variable correlation of these
two properties, figure 56 indicates a nearly one-to-
one relationship for which the coefficient of deter-
mination is virtually 1.0. This behavior is consis-
tent with the behavior of an expectation operator.
Values from both tails of the two distributions
“regress toward the mean.” The result is an increas-
ingly strong apparent correlation, despite the only
modest correlation [r2 = 0.603; see fig. 25(c)]
between the actual laboratory measurements. Car-
ried to its logical-though-extreme end, the expecta-
tion operator results in a single “representative”
value for both porosity and hydraulic conductivity
in an effort to summarize what is a modestly com-
plex state of being.

A very interesting and somewhat unexpected
observation can be made from the scatter diagram
presented in figure 56. Despite the name of the
simulation process for deriving Ksat from porosity,
linear coregionalization, the relationship between
the two correlated E-type models is anything but

Figure 56.  Scatterplot of saturated hydraulic 
conductivity and porosity for the summary E-type 
models of the PTn model unit (5-percent 
subsample).
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Figure 54.  Histograms of four coregionalized models of saturated hydraulic conductivity corresponding 
to the four porosity models presented in figure 51(a) through (d) compared to histograms of original 
measured data [(e)] and E-type model [(f)].

(a) (b)

(c) (d)

(f)(e)
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linear. The same curvilinear relationship can also
be observed in the scatterplots of the individual
simulated models (fig. 55); however, the nature of
the relationship is more clearly defined with the
markedly diminished variability of figure 56. In
fact, that there would be an upper bound on
hydraulic conductivity with increasing porosity is
somewhat intuitive. Because the porosity of closely
packed uniform spheres is only about 30 percent, it
is clear that much of the porosity for some samples
from Yucca Mountain must be intra-granular: spe-
cifically related to “froth” bubbles in coarse pum-
ice clasts. Clearly some of this intraparticle

porosity is connected and will conduct fluid,
increasing the hydraulic conductivity of the sam-
ples. However, the flow of fluid (water in the labo-
ratory) cannot increase indefinitely, as the rock
specimens must be sufficiently consolidated to
withstand handling and testing. Note that is possi-
ble to obtain a higher coefficient of determination
for the original scatterplot of the laboratory data
shown in figure 25 (r2 = 0.611 vs 0.603) simply by
fitting a polynomial regression of order two to the
data instead of a simple linear fit. L. E. Flint (in
review) has developed predictive equations for

Figure 55.  Scatterplots of modeled saturated hydraulic conductivity as a function of modeled porosity 
for the PTn model unit. (a) Simulation no. 30; (b) no. 41; (c) no. 63; (d) no. 79 (5-percent subsample).
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hydraulic conductivity from porosity that use such
complex regression relationships.

Uncertainty Model

Geostatistical simulation provides a power-
ful tool for addressing geologic uncertainty, that
which results from less-than-exhaustive observa-
tion of a particular site. Although for the Yucca
Mountain repository program, the real interest in
uncertainty focuses on uncertainty in the predicted
performance of the potential repository. However,
this predicted performance uncertainty is to no
small extent dependent on the uncertainty associ-
ated with input parameters to the performance
models (c.f. fig. 6), and thus we present here a

short description of the uncertainty associated with
the simulated models of material properties. Figure
57 presents histograms representing the standard
deviations of the 100 stochastic realizations (each)
of total porosity [part (a)] and saturated hydraulic
conductivity [part (b)] for the PTn model unit. The
uncertainty models are computed in association
with the generation of the expected-value-type
models, and they are nothing more than the node-
by-node standard deviations of the 100 input simu-
lations (see See “Uncertainty Measures” on
page 68.). Although the uncertainty varies spatially
as shown in plates 6 to 8, these histograms provide
a somewhat global view of the uncertainty associ-
ated with the suite of simulated models.

Figure 57(a) indicates that across the entire
PTn model domain, the average standard deviation
is plus-or-minus just over 9 porosity percent
(0.092). This is with respect to a global average
porosity of 44 percent (0.438; fig. 51). The distri-
bution of uncertainty is asymmetric, with a maxi-
mum uncertainty of 14.5 percent (0.146). The
skewed tail of low uncertainties is directly and
immediately related to the spatial positions of
model grid nodes with respect to conditioning data.
Simulated values close to conditioning information
vary only slightly, whereas simulated values far
from data are much more highly variable. Note that
there appears to be a lower limit to uncertainty of

about plus-or-minus 2 porosity percent. The exist-
ence of a limiting value is most likely related to
discretization of the model domain on an arbitrary
grid, as the numerical implementation of the
sequential simulation algorithm will reproduce
exactly sample data collocated with a grid node.
The magnitude of this limit is also a function of
model discretization; however, it is also directly
related to the small-scale variability exhibited by
the 3-ft spaced closest samples.

Figure 57(b) is an identical presentation of
uncertainty associated with hydraulic conductivity;
recall that Ksat in this report is expressed in units

(a) (b)

Figure 57.  Uncertainty associated with (a) simulated porosity models and (b) simulated hydraulic 
conductivity models, as expressed by the standard deviations of individual grid nodes. Uncertainty 
estimates derived from E-type models.
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of log10 m/sec. Uncertainty in the simulated values
of saturated hydraulic conductivity appears rela-
tively high. The global average standard deviation
is approximately 1.5 log units, and at worst, the
variability may be estimated at plus-or-minus three
orders of magnitude (standard deviation = 2.9).
The best-constrained grid nodes are simulated with
a standard deviation of 0.4 log units, with a lower
bound of plus-or-minus 0.28. Again, these uncer-
tainty measures are spatially distributed, and figure
57(b) provides only a global overview.

TSw Model Unit

Lithophysal Porosity

Description

Lithophysal porosity values for the TSw
model unit is presented in perspective-diagram for-
mat in plates 1 through 5. Two-dimensional profile
views are presented for the same cross- and long-
sections as for the PTn model unit (location map in
fig. 49) in plates 9, 10, and 11. As before, parts (a)
through (d) of the 2-D figures are individual simu-
lations and part (e) is the E-type summary model.
Part (f) of each plate is the uncertain model associ-
ated with the suite of simulations. Finally, part (g)
is the same as (e) except that the color scale has
been adjusted to bring out selected features of each
profile. 

“On average,” i.e for the E-type model, the
two prominent lithophysae-bearing intervals of the
Topopah Spring Tuff are reproduced quite faith-
fully, although identifying these distinctive units in
the individual simulated models requires more
effort. The upper and lower lithophysal “zones” are
most readily identified on the north–south long-
section in stratigraphic coordinates (plate 9). Note
that the upper lithophysal interval is modeled by
cells of higher porosity than the lower interval.
This is consistent with field observations (and core
observations) that indicate abundant and very large
lithophysal cavities (decimeter size) in the upper
lithophysal zone and typically smaller and locally
flattened lithophysae in the lower interval. There
also appears to be a large amount of lateral vari-
ability to the upper lithophysal interval in particu-
lar. A first impression from this apparent lateral

heterogeneity is that it might be related to differ-
ences in borehole “vintage;” see plate 10, particu-
larly the very high porosity values associated with
drillhole H-4 and the nearby much lower porosity
values corresponding to drillhole SD-12. However,
plate 11 contains a parallel example of high litho-
physal porosities associated with drillhole NRG-6
and nearby much lower porosity values corre-
sponding to drillhole SD-9, both of which were
logged using post-1988 geophysical instruments.
Farther to the west on cross section 35 (plate 11),
drillhole H-5 (pre-site characterization logs) is
again associated with very high lithophysal poros-
ity values. We interpret the evidence as weighing
most heavily toward real lateral heterogeneity in
the extent of development of mesoscale lithophysal
cavities.

There is at least one example of some signif-
icant problems with identification of the bound-
aries of the TSw model unit. Plate 9(e) shows a
very anomalous high-porosity interval at the very
top of the unit at Nevada state plane coordinate
770,000 ft north. The red-colored block in plate
9(e) clearly is anomalous, as it represents a poros-
ity of some 40–50 percent associated with what
“should” be the caprock vitrophyre (zone Tptrv1)
of the densely welded Topopah Spring Tuff. The
same high-porosity material is indicated in the
enhanced image of plate 9(g), which also indicates
an undulating interval of dark blue to purple par-
tially broken by lighter blue shades all across the
top of this north–south profile. Note also that the
very low porosity lower (sometimes called “basal”)
vitrophyre of the TSw model unit (lithostrati-
graphic unit Tptpv3) is not particularly continuous
throughout the model domain—at least not as a
low-porosity unit.

The uncertainty model for the Topopah
Spring welded model unit [part (f) of plates 9–11]
indicates strong vertical zonation controlled by
proximity of the several sections to individual drill
holes. Uncertainty is observed to increase toward
the northern and (particularly) the southern ends of
the long-section shown in plate 9. Uncertainty in
this southern area appears to be accompanied by a
more blurred distinction of the upper and lower
lithophysae-bearing intervals. 
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Validation

Figure 58 presents four randomly selected
porosity profiles of lithophysal porosity from the
TSw model unit and compares them to the litho-
physal porosity data derived from downhole petro-
physical logging and other information. As was the
case for the PTn model unit, reproduction of mea-
sured values at the locations of those values, sub-
ject to the limitations of grid discretization, appears
to be acceptable in the simulated models shown in
the figure. The overall trend of alternating higher-
and lower-porosity lithophysal and nonlithophysal
intervals has clearly been captured, given the fairly
coarse 10-m (roughly 33-ft) spacing of the grid in
stratigraphic coordinates. In addition to the zona-
tion of lithophysae-bearing intervals, the two vitro-
phyre units of the Topopah Spring welded section
(units Tptrv1 and Tptpv3; Buesch and others,
1996) are appropriately captured as well; the simu-
lated values fall essentially on the heavy solid line
indicating the measured porosities of these low-
porosity glassy zones at the very top and base of
the TSw model unit. Given that the true thickness
of the upper (“caprock”) vitrophyre is typically
only 1–2 ft (less than a meter) thick (Appendix B),
the simulated models would appear to be quite
realistic in detail. What the simulated models can-
not do, is reproduce on a 10-m discretization the
high-frequency information content of the mea-
sured porosity data for which the sample spacing is
nominally less than 1 meter (3 ft). For example,
profile (d) of figure 58 completely misses the
prominent very high porosity interval in the lower
lithophysal zone at a stratigraphic depth of about
640 ft.

An interesting phenomenon may be observed
in figure 58(b), the profile nearest the location of
drill hole SD-9. The simulated porosity values
closely track the data, as indicated by the heavy
solid line, to a stratigraphic depth of approximately
730 nominal feet; the replicate values are also quite
closely grouped about the true values. However,
below this stratigraphic depth, the spread of the
simulated values plotted in the figure become much
larger, although the lighter-weight dashed line rep-
resenting the E-type model values appears to agree
rather well with the general porosity trends observ-
able in the lower portions of the remaining parts of

figure 58, including a suggestion of the lower vitro-
phyre unit equivalent in porosity to that indicated
in hole WT-18 [part (a) of the same figure] and
only slightly higher than that in parts (c) and (d).
The cause of this behavior is that conditioning data
values for drill hole SD-9 are absent below this
730-ft depth. Measured porosity values from below
the lower lithophysal interval of the TSw model
unit were inadvertently omitted from the input data
file. 

In fact, this inadvertent omission offers the
opportunity for a small exercise in blind validation
of the simulation modeling process. The actual
core porosity data from the SD-9 drill hole are
available, and these values have been plotted in fig-
ure 59, together with the E-type model values and
the individual sets of values from the four different
simulated models. 

Figure 59.  Lower portion of porosity profile from 
figure 58(b) showing measured core data 
inadvertently omitted from drill hole SD-9 in the 
simulation data set. Compare core values to E-type 
model plot (dashed line).
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The univariate statistical character of the
simulated models of lithophysal porosity for the
TSw model unit is shown in figure 60, parts (a)–
(d), for the four randomly selected realizations

shown as porosity profiles in figure 58. Also shown
in figure 58(e) are the histogram of the original
measured lithophysal porosity values used to con-
dition the models [see also plate 16(b)] and the his-
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Figure 58.  Comparative porosity profiles extracted from simulated models of lithophysal porosity in the 
TSw model unit for grid nodes nearest drillholes (a) WT-18, (b) SD-9, (c) SD-12 and (d) SD-7.
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togram of the summarized E-type model [figure
58(f)]. A number of descriptive statistical measures
are shown adjacent to each histogram. 

Figure 60.  Histograms of four individual simulations of lithophysal porosity in the TSw model unit [(a)–
(d)] compared to the original porosity data [(e)] and E-type summarized model [(f)]. Associated statistical 
summary shown for each histogram.

(a) (b)

(d)(c)

(e) (f)
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The several histograms indicate that the
overall univariate statistical character of the simu-
lated models is virtually indistinguishable from
that of the original data. Because there is no objec-
tive means of deciding among the various realiza-
tions (the full suite consists of 100 equiprobable
realizations), we hold that each realization repre-
sents a plausible model of the real world distribu-
tion of lithophysal porosity values. In contrast, as
was the case for total porosity in the PTn model
unit (fig. 51), the statistical character of the E-type
summary model is quite different from that of the
underlying data. Even though the measured data
themselves are reproduced, the expectation opera-
tor has greatly reduced the tails of the distribution
of modeled values and produced an essentially
gaussian-appearing population. To the extent that
(in this case) the very high porosity lithophysae-
bearing intervals affect the performance of the
potential repository, the systematically lower
expected porosity values represented in the E-type
model may distort subsequent engineering analy-
ses.

Figure 61 presents a summary of the com-
puted variograms for the 100 simulated lithophysal
porosity models.† A comparison of variograms
from the four individual porosity models compared
to both the input variogram model and the original
sample variogram of the data is presented in figure
62. Part (a) of the figure contains the variograms
computed in the stratigraphically vertical direction,
whereas parts (b) and (c) are computed in the strati-
graphically horizontal plane, one in the direction of
maximum spatial continuity at azimuth = 0� (b) ,
and the other at 90� to it (c).

In all three parts of both figures, the simu-
lated porosity models indicate somewhat shorter
correlation lengths than had been inferred from the
sample data. The simulated models exhibit more
variability at each separation distance than do the
inferred variogram models. However, note that for
both horizontal cases, [figure 62, parts (b) and (c)],
the variograms of the simulated models are not
incompatible with the sample variograms com-
puted in the same directions. In figure 62(b), the
simulation variograms plot directly on top of the

second point of the sample variogram at a separa-
tion distance of about 2000 ft. The third sample
variogram point appears too low by comparison,
but the fourth sample point representing separa-
tions of about 6000 ft is again closely approxi-
mated in the simulated models. In figure 62(c), the
simulation variograms clearly are more closely
akin to the sample variogram values, with the
exception of the hole-effect-like decreases in
observed variability at 5000–8000 ft and again at
13,000–18,000 ft distances. The simulated models
appear to be robust, reproducing characteristics of
the actual sample data that appear to have been
over-interpreted in light of a prior conceptual
model of geology. 

In contrast with the variograms computed for
the four simulations shown in figure 62, the vario-
grams of the E-type porosity model clearly empha-
sizes the intuitive geologic expectation of
continuity. At each separation distance examined,
the variability of the E-type model is less than half
the magnitude of the other three types of vario-
grams (data, model, simulations) presented in the
figure. This type of distortion of real-world quanti-
tative correlation structure is typical of E-type
models, and it poses a serious conundrum for users
of rock property models in numerical physical pro-
cess modeling. Clearly, there is something very
basic about fairly large-scale spatial continuity of
rock units at Yucca Mountain. If there were not, it
would not be possible to create geologic maps with
map units that extend across broad areas (e.g., Day
and others, in prep.‡). At the same time, however, it
is also apparent that quantitative measurements of
material properties do exhibit quite significant vari-
ability over quite short separation distances both
vertically and horizontally. Unless we are to
assume that this type of variability is simply mea-
surement error subject to disproof by replicate
measurements or measurement by multiple tech-
niques, we are driven to the conclusion that the
material properties of the rock mass are, in fact,

†See also discussion of variograms in Appendix D.

‡Day, W.C., Dickerson, W.P., Potter, C.J., Sweetkind, 
D.S., San Juan, C.A., Drake, R., and Fridrich, C.J., 
in prep., Geologic map of the Yucca Mountain Area, 
Nye County, Nevada: intended for publication as 
USGS open-file report., scale 1:24,000.
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more heterogeneous than our geologic intuition
tells us.

Matrix Porosity

Description

Several representative two-dimensional pro-
files extracted from the simulated models of matrix

porosity for the TSw model unit are shown in
plates 12 through 14. Note that the porosity values
shown on the perspective views of the E-type mod-
els (plates 1–5) are lithophysal, not matrix, porosi-
ties, and thus the variability in porosity attributable
to the megascopic lithophysae-bearing intervals of
the unit is much subdued (compare with plates 9–
11). Figure 63 presents drillhole profiles of matrix

Figure 61.  Reproduction of input variograms for simulated lithophysal porosity models of the TSw 
model unit: (a) stratigraphic vertical, (b) stratigraphic horizontal, azimuth = 135�; (c) stratigraphic 
horizontal, azimuth = 45�. Dashed line with error bars is average variogram with plus/minus 95-percent 
confidence interval; heavy solid line is input variogram model.

(a)

(b) (c)
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porosity for four randomly selected simulated
models. Also shown on each figure are the original
conditioning data (core or petrophysical) and the
expected-value summary profile. These porosity
profiles are relatively uniform and featureless by
comparison with those for lithophysal porosity.
However, the important features of the input data
are reproduced in the simulated models to an
acceptable degree. These features include slight
increases in matrix porosity associated with the
lithophysae-bearing intervals (compare with fig.
58, lithophysal porosity), generally higher porosity
associated with the uppermost part of the Topopah
Spring Tuff, and the very low porosity values asso-
ciated with both the caprock vitrophyre and the
lower vitrophyre units. 

Validation

Validation of the simulated matrix porosity
models is upheld in part by reproduction of the
character of the input drillholes at the nearest grid
nodes (fig. 63). Additionally, the univariate statisti-
cal character of these four simulated models of
matrix porosity are shown in the histograms of fig-
ure 64, parts (a) through (d). A histogram of the
original measured matrix porosity data is shown
for comparison in figure 64(e). Comparison of the
histogram plots and the several statistical measures
associated with each data set in the figure indicates
that the simulated models are, in fact, virtually
indistinguishable from the actual observations of
Yucca Mountain. In contrast, examination of the
univariate character of the E-type summary model,
shown in histogram format in figure 64(f), indi-
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cates clear differences between this numerical
model and both the simulated models and the sam-
ples from the site. Variability has been significantly
compressed and the tails of the sample distribution
have been mostly truncated. Note particularly the
interquartile range of the modeled porosity values,
which has been reduced to just over one porosity

percent (0.0108) from nearly 7 porosity percent
(0.066).

Figures 65 and 66 continue the comparison
of the simulated matrix porosity models to our
knowledge of matrix porosity at Yucca Mountain.
Figure 65 presents the overall reproduction of the
desired input model of spatial correlation across
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(a) (b)

(c) (d)

(e)

Figure 64.  Histograms of four individual simulations of matrix porosity in the TSw model unit [(a)–(d)] 
compared to the original porosity data [(e)], and the E-type summarized model [(f)]. Associated statistical 
summary shown for each histogram.

(f)
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the ensemble of simulations, and figure 66 shows
variograms of four of the simulated models and the
E-type model.† Parts (a) through (c) of both figures
show spatial continuity patterns in the directions of
minimum (vertical), maximum (horizontal, azi-
muth 0�), and intermediate correlation. The four
simulated models (fig. 66) exhibit spatial continu-
ity patterns that are quite similar to both the input
variogram and the sample variogram from which
that theoretical input model was developed. The
one exception is in the stratigraphically vertical
direction [fig. 66(a)], for which the input spatial
model did not reach the sill value until the separa-

tion distances became very large (see discussion on
page 51). Recall that the third and longest-range
structure fitted to the sample variograms of matrix
porosity in the TSw model unit (table 13) was a
dummy structure to bring the total variability cap-
tured by the variogram model to the sill of 1.0, as
required by Gaussian simulation theory. The under-
lying cause of the observed phenomenon of the
too-low apparent sill for the sample data is inferred
to be the computation of the sample variogram
using data from only one drillhole and one type of
porosity measurement at a time. Such dummy
structures are neither necessary nor possible in a
simulated material properties model, which is gen-
erated as a unified whole.  †See also discussion of variograms in Appendix D.
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Also shown in each part of figure 66 is the
variogram of the summary E-type matrix porosity
model, computed in the appropriate direction in
each part of the illustration. In each case, the E-
type model variogram indicates less variability
than is observed in the underlying simulated mod-
els; this is simply another manifestation of the

compression of variability exhibited by the histo-
grams of figure 64. Such limited variability,
although it may be helpful in conceptualizing the
generalized distribution of material properties at
the Yucca Mountain site, is not compatible with the
degree of spatial heterogeneity actually observed
and measured quantitatively in the field. 

Figure 65.  Reproduction of input variograms for simulated matrix porosity models of the TSw model 
unit: (a) stratigraphic vertical, (b) stratigraphic horizontal, azimuth = 135�; (c) stratigraphic horizontal, 
azimuth = 45�. Dashed line with error bars is average variogram with plus/minus 95-percent confidence 
interval; heavy solid line is input variogram model.

(a)

(c)(b)
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Bulk Density

The bulk density model of the TSw model
unit was created directly from the E-type litho-
physal porosity summary model, in a manner iden-
tical to that used in creating the bulk density model
for the PTn unit. The prediction relationship is
given by equation (41) on page 93.

Saturated Hydraulic Conductivity

Simulated models of saturated hydraulic
conductivity were created for the Topopah Spring
welded unit using the linear coregionalization algo-
rithm applied to the simulated models of matrix
porosity. The rationale for using matrix, rather than
lithophysal, porosity for the coregionalization is
that under unsaturated conditions, such as prevail
within the Topopah Spring Tuff throughout much
of the immediate repository area, water will exist
only in the matrix-sized pores of the welded tuff;
recall previous discussion of lithophysal porosity
beginning on page 30. 

Because the models of hydraulic conductiv-
ity have been generated using coregionalization
with the matrix porosity models, the use of these
models for ground-water flow and transport calcu-
lations under saturated conditions is not valid.
Under widespread conditions of saturation, such as
exist below the water table and as distinct from
local quasi-saturated conditions within the unsatur-
ated zone, water may flow not only in the rock
matrix (as herein defined), but also through the
centimeter- to decimeter-scale pores comprised of
lithophysal cavities. No objective evidence is
known that would allow coregionalization of true
fully saturated hydraulic conductivity values with
lithophysal porosity. It is also likely that flow
through fractures would dominate ground-water
movement throughout the entire welded interval of
the Topopah Spring Tuff, including both litho-
physal and nonlithophysal portions. 

Figure 67, parts (a) through (d), presents his-
tograms and associated summary statistics for four
coregionalized hydraulic conductivity simulations.
Figure 67(e) is the histogram of the available labo-
ratory measurements of saturated hydraulic con-
ductivity for the entire TSw model unit, and part (f)

of the same figure is the histogram of the summary
E-type hydraulic conductivity model. 

Comparison of the univariate character of the
simulated models with that of the measured data
suggests that the individual coregionalized material
property models are faithful statistical replicas of
the “real” Yucca Mountain. Even the forty-odd per-
cent of the laboratory specimens that yielded no
measurable flow have been reproduced. These no-
flow values have been arbitrarily assigned a
hydraulic “conductivity” of 10–14 m/sec (–14.0 log
units). Although spatial correlation among the no-
flow laboratory specimens was not explicitly mod-
eled as part of the coregionalization process (see
discussion of the no-flow indicator variogram
beginning on page 53), the quantile-preserving
univariate transformation applied as part of the
coregionalization algorithm has the effect of
assigning the lowest simulated normal-score con-
ductivity values as no-flow grid nodes. 

In contrast to the simulated (coregionalized)
models of hydraulic conductivity, the histogram of
the expected-value summary model [fig. 67(f)]
clearly indicates a different statistical character
from that of the measured laboratory data. No-flow
grid nodes are absent, and the modal hydraulic
conductivity of the model as a whole has been
reduced from a broad “peak” centered at a log Ksat
value of between –8 and –10 log units to a sharp
spike of values with a conductivity of less than –
11.0 log units. Note, however, that the modal con-
ductivity value for the E-type model is strongly
influenced by the value assigned to the simulated
non-flowing grid nodes. Because the no-flow val-
ues are generated essentially at random, the exist-
ence of a no-flow grid node in one simulation says
nothing about the occurrence of no-flow values at
the same location in the next simulated model. In
any event, the symmetrization of the histogram and
the reduction in overall variability noted in other E-
type models appears to operate here as well.

Figure 68 presents scatterplots of simulated
saturated hydraulic conductivity with simulated
porosity for the appropriate pairs of coregionalized
models. The general relationship of increasing
hydraulic conductivity values with increasing
porosity expected from the physics of ground-



110 Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada

(a) (b)

(c) (d)

(e) (f)

Figure 67.  Histograms of four coregionalized models of saturated hydraulic conductivity corresponding to
the four porosity models presented in figure 58(a) through (d) compared to histograms of original 
measured Ksat data (e), and E-type summary model (f).
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water flow in a welded tuff is respected. Coeffi-
cients of determination (r2 values) appear to be on
the order of 0.5 to 0.6, approximately the same

order of magnitude as was observed for the labora-
tory data; see figure 25. Note that non-flowing lab-

oratory samples were excluded from the analysis of
laboratory data, whereas the simulated no-flow
grid nodes have been included in the plots of figure
68. However, comparison of the scatter “clouds”
for both diagrams suggests that the correlation is
approximately correct, regardless of the treatment

of these non-numeric property values. Included in
the correlation analysis for both data and simulated
models are the presumed-microfractured conduc-
tivity values associated with the vitrophyric test
specimens (group “C” of fig. 23; see also fig. 27 at
an expanded porosity scale).

S S

Porosity, as a fraction

0.0 0.2 0.4 0.6lo
g 10

(S
at

ur
at

ed
 H

yd
ra

ul
ic

 C
on

du
ct

iv
ity

, m
/s

ec
)

-15

-10

-5

r2 = 0.56

TSw Sim. No. 19

Porosity, as a fraction

0.0 0.2 0.4 0.6lo
g 10

(S
at

ur
at

ed
 H

yd
ra

ul
ic

 C
on

du
ct

iv
ity

, i
n 

m
/s

ec
)

-15

-10

-5

r2 = 0.56

TSw Sim. No. 34

Porosity, as a fraction

0.0 0.2 0.4 0.6lo
g 10

(S
at

ur
at

ed
 H

yd
ra

ul
ic

 C
on

du
ct

iv
ity

, i
n 

m
/s

ec
)

-15

-10

-5

r2 = 0.51

TSw Sim. No. 78

Porosity, as a fraction

0.0 0.2 0.4 0.6lo
g 10

(S
at

ur
at

ed
 H

yd
ra

ul
ic

 C
on

du
ct

iv
ity

, i
n 

m
/s

ec
)

-15

-10

-5

r2 = 0.59

Figure 68.  Scatterplots of modeled saturated hydraulic conductivity as a function of modeled matrix 
porosity for the TSw model unit. (a) Simulation no. 17; (b) no. 19; (c) no. 34; (d) no. 78 (5-percent 
subsample). Compare with parts (a) and (c) of figure 25.
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Figure 69 is a similar scatterplot of hydraulic
conductivity vs porosity for the E-type summary of
the suite of coregionalized simulations of TSw
model unit. What was observed to be a fairly dif-
fuse (r2 = 0.6) correlation of properties has been
modified by the expectation operator to a relation-
ship just short of one-to one; the computed r2 value
for figure 69 is 0.90. As a matter of “expectation,”
porosity and hydraulic conductivity are generally
fairly strongly correlated. On a sample-specific
(location-specific, in the case of the simulated
models) basis, however, the relationship is not as
strong. 

The effect of the expectation operator on the
modal value of the flowing grid nodes is empha-
sized graphically in comparing figures 68 and 69.
In addition to the variance reduction in figure 69,
the entire correlation “cloud” has been shifted ver-
tically downward a full 3 log-conductivity units,
whereas the porosities remain unchanged, varying
between about 10 and 30 percent (0.10–0.30).
Again, the magnitude of this modal shift is deter-
mined largely by the hydraulic conductivity value
assumed to represent the non-flowing grid nodes.

Thermal Conductivity

Simulated models of thermal conductivity
were created for the Topopah Spring welded unit
using linear coregionalization applied to the litho-
physal porosity models. The rationale for this
approach is that although the correlation relation-
ship of thermal conductivity with porosity shown
in figure 28(b) is based upon measured matrix
porosities, heat will be conducted within the actual
Yucca Mountain by rocks with markedly higher
porosities than were measured in the laboratory. As
such, the conductivity of the lithophysae-bearing
intervals will be reduced by the presence of large
void spaces that may be at least equal to the
amount of micro-scale matrix porosity. The pre-
sumption in this study is that a densely welded tuff
containing a total of 40-percent void space com-
prised of both small-scale matrix pores and large-
scale lithophysal cavities will exhibit approxi-
mately the same thermal conduction behavior as a
nonwelded tuff containing the same 40-percent
total void space made up of inter-particle pores and
intra-particle voids (e.g., “frothy” pumice clasts).
Although there is unquestionably some error intro-
duced by this currently unverified assumption, we
believe that the physics of heat conduction imply
that thermal conductivity modeled for the TSw
model unit in this manner more closely resembles
the true thermal conductivity than were we to
ignore the presence of the lithophysal cavities and
use only matrix porosity in the prediction. 

Figure 70, parts (a) through (d), present his-
tograms and associated summary statistics of four
coregionalized thermal conductivity models. Fig-
ure 70(e) is an unbiased histogram of the true dis-
tribution of thermal conductivity, as inferred by
applying the regression relationship of figure 28(b)
to the systematic vertical distribution of porosity
identified from drill holes SD-7, SD-9, and SD-12
(see discussion on page 43 regarding sampling and
testing biases; also figs. 31 and 30). The histogram
shown in figure 70(f) is that of the summarized E-
type thermal conductivity model.

The histograms of figure 70(a)–(d) indicate
that the coregionalized models of thermal conduc-
tivity are faithfully reproducing the statistical
nature of the systematically “sampled” thermal
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(b)

(d) (d)

(e) (f)

Figure 70.  Histograms and summary statistics for four coregionalized models of thermal conductivity for 
the TSw model unit.

(a)



114 Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada

conductivity data. Clearly, it would be better if
there were measured thermal conductivity values
that directly address the issue of lithophysal cavi-
ties on the heat-carrying capabilities of the rocks at
Yucca Mountain [fig. 70(e)]. However, given the
mechanical limitations of laboratory experiments
that require small, intact test specimens, reproduc-
tion of the estimated thermal conductivity of the
entire Topopah Spring welded unit as described on
page 43 is probably the most reasonable approach
to material properties modeling, pending comple-
tion of larger-scale in-situ thermal testing. It is
unclear, however, that these in-situ testing activities
will affect a sufficiently large volume of material
over the time-scales available for testing to extend
above and below the repository horizon to include
a meaningful volume of material containing the
large lithophysal cavities. Note that if our hypothe-
sis regarding the impact of lithophysal cavities is
correct, the simple distribution of measured ther-
mal conductivity values presented in figure 28 sig-
nificantly distorts the actual thermal conductivity
of the Paintbrush Group tuffs at Yucca Mountain.

As has been the case in previous sections
presenting the results of material properties model-
ing, the histogram of the E-type summary model,
shown in figure 70(f), indicates strong truncation
of tail conductivity values from the univariate dis-
tribution. The figure also shows the strong symme-
trization of the distribution of values typical of the
expectation operator; both high and low values
have been eliminated. The impact of the loss of
both high and low conductivity materials from the
numerical property models may have detrimental
effects on the results of numerical modeling of the
redistribution of heat from an actual repository.

Figure 71 presents the cross-variable correla-
tions of thermal conductivity with the underlying
simulated lithophysal porosity values used in the
coregionalization process for the same four realiza-
tions shown in figure 70. The strength of the corre-
lation for each realization is indicated on the
different parts of the figure, and they range from an
r2 value of 0.71 to an r2 of 0.78. These values are
markedly higher than the original r2 obtained from
the measured thermal conductivity data of 0.586
[see fig. 28(b)]. Reference to figure 28 strongly
suggests, however, that the low coefficient of deter-

mination obtained from the laboratory data may
have been strongly influenced by the four data
points corresponding to measured thermal conduc-
tivities of 2.0 W/m-K and higher (recalculation of
the coefficient of determination omitting the 4 sam-
ples shown in figure 28 that yielded measured ther-
mal conductivities of approximately 2.0 and higher
gives a revised r2 of approximately 0.663). These
samples may not be representative of the bulk of
the Topopah Spring welded unit, as the larger
majority of the laboratory data fall much closer to
the fitted regression line shown in figure 28(b).
Indeed, application of the prediction equation even
to porosity values less than 5 percent (0.05), results
in no estimated thermal conductivity values greater
than about 1.6 W/m-K (figs. 30, 70). Even among
the existing data, these samples appear to represent
outliers. Additionally, there is a lack of high poros-
ity-low thermal conductivity samples in general,
which might have served to strengthen the experi-
mentally observed correlation, simply from a com-
putational standpoint. 

Figure 72 presents the cross variable correla-
tion of porosity with thermal conductivity for the
E-type model. The form of the relationship is cor-
rect, with higher porosity grid nodes corresponding
to lower thermal conductivity values. However, the
expectation operator has worked to obscure the fact
that the observed correlation of thermal conductiv-
ity with porosity is not one to one. The coefficient
of determination for the scatterplot shown in figure
72 is 0.98, far higher than the observed r2 value of
0.586. 

Uncertainty Model

Figure 73 presents a global summary of
uncertainty associated with the 100 stochastic sim-
ulations of lithophysal porosity, as measured by the
node-by-node standard deviations developed dur-
ing computation of the E-type lithophysal porosity
model. The average standard deviation is approxi-
mately 6.3 porosity percent, compared with a glo-
bal average porosity of just over 20 percent (0.205;
table 6; fig. 58). The distribution of standard devia-
tions is asymmetrical, with a maximum simulated
uncertainty of approximately 10 porosity percent.
The less-uncertain portion of the uncertainty distri-
bution exhibits a relatively progressive decrease in
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standard deviation to a minimum uncertainty of
between 1 and 2 porosity percent. Grid nodes
exhibiting this low degree of variation among the
different realizations of the lithophysal porosity
model are located close to conditioning sample
data.

A visual summary of the global uncertainty
associated with the simulated models of matrix
porosity (excluding the effect of large lithophysal
cavities) is presented in figure 74. This histogram
shows the node-by-node standard deviations com-
puted across the suite of 100 stochastic models of
matrix porosity. The “average” uncertainty associ-

ated with the models of matrix porosity in the TSw
model unit is plus-or-minus approximately 4.5
porosity percent (0.045). This average standard
deviation value is smaller than the equivalent
uncertainty measure for lithophysal porosity (fig.
73), which is appropriate given the smaller range of
matrix porosity values compared to that for the
lithophysal porosity measure. The minimum uncer-
tainty associated with the matrix porosity models is
just over 1 percent, and the maximum uncertainty
is just under 14 porosity percent. The correspond-
ing values for the lithophysal porosity models are
0.01 and 0.10, respectively. The larger maximum
uncertainty value (0.137, fig. 74) is somewhat sur-
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Figure 71.  Scatterplots of modeled thermal conductivity in the TSw model unit as a function of 
simulated lithophysal porosity (5-percent subsample). (a) Simulation 17; (b) simulation 19; (c) simulation 
34; (d) simulation 78.
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prising, given the smaller overall range of variabil-
ity for matrix porosity. However, comparison of the
statistical summaries associated with figures 73
and 74 indicates that the interquartile range for the
standard deviations of matrix porosity is appropri-
ately smaller than that range for lithophysal poros-
ity, the explanation of the larger maximum

uncertainty value clearly lies in the spatial posi-
tions of various drill hole data with respect to the
modeled grid nodes. 

Global uncertainty associated with the core-
gionalized models of saturated hydraulic conduc-
tivity is presented in figure 75; the uncertainty
estimates are again based on the node-by-node
standard deviations computed during generation of
the E-type hydraulic conductivity model. The glo-
bally typical or average uncertainty associated with
the simulated models of hydraulic conductivity is
plus-or-minus 2.4 log units (log10 m/sec), com-
pared with a global average conductivity of –11.35
log units. The maximum observed uncertainty is
somewhat less than plus-or-minus 3 log units
(2.8768). The actual uncertainty associated with
any particular location within the modeled domain
is spatially variable, and is a function of the dis-
tance from the location considered to the nearest
set of constraining porosity values. 

A similar presentation of the global uncer-
tainty associated with the simulated models of ther-
mal conductivity is presented in histogram format
in figure 76, again expressed as the standard devia-
tions of the 100 stochastic coregionalized models.
The average standard deviation across all grid
nodes in the discretized model is 0.164 W/m-K,
with a maximum simulated uncertainty on the
order of 0.22 W/m-K. These values may be com-
pared with the estimated average thermal conduc-
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Figure 72.  Scatterplot of thermal conductivity as a
function of lithophysal porosity for the summary E-
type model of the TSw model unit (5-percent 
subsample).

Figure 73.  Uncertainty associated with simulated 
models of lithophysal porosity for the TSw model 
unit.

Figure 74.  Uncertainty associated with simulated 
models of matrix porosity for the TSw model unit.



 Modeling Results 117

tivity of the Topopah Spring welded interval of
about 1.2 W/m-K [fig. 59(e)]. However, the data
from which this unit-specific average thermal con-
ductivity was derived were the estimated conduc-
tivity values predicted using the observed
regression of thermal conductivity on porosity
shown in figure 28; the mean of the non-systemati-
cally sampled, spatially biased measured thermal
conductivities was 1.77 W/m-K (table 9). Uncer-
tainty decreases smoothly and progressively to a
lower bound of approximately plus-or-minus 0.05
W/m-K for grid nodes located at shorter distances
from the locations of the best-conditioned litho-
physal porosity values.

Calico Hills–Prow Pass Model Unit

Porosity

Description 

An overall perspective view of the expected
porosity within the combined Calico Hills–Prow
Pass stratigraphic interval is presented in plates 1
through 5. More specific sectional profiles of the
CH–PP model unit by itself are shown in plates 15,
16, and 17. Note that the solid black blocks in the
right-hand side of plates 16 and 17 represent grid
nodes that were left unsimulated because the dis-
tance from these nodes to the nearest drillhole
information exceeded 12,000 ft. 

Because the Calico–Prow model unit is a
composite one, it is important to examine how this
modeling approach reproduces the separate identi-
ties of the Calico Hills Formation and the Prow
Pass Tuff. The most prominent materials properties
feature of the Prow Pass Tuff, as distinct from the
Calico Hills Formation, is where ash-flow unit 3 of
the Prow Pass Tuff is partially welded (Moyer and
Geslin, 1995). Markedly lower porosity values are
present locally in the lower half of the combined
CH–PP model unit as shown in plates 15 and 16,
and to a lesser extent in plate 17 [shown as green
colors in part (e) and green to blue colors in part (g)
of each figure]. Note, however, that the degree of
welding and concomitant porosity reduction is
never as pronounced in the Prow Pass Tuff as it is
in the Topopah Spring and Tiva Canyon Tuffs.
According to the porosity model, the most-welded
part of the Prow Pass Tuff is restricted to the area
north of about Nevada state plane coordinate
750,000 ft north (plate 15). 

In contrast to the Prow Pass Tuff, the rocks
of the Calico Hills Formation in the upper part of
the CH–PP model unit are generally of quite high
porosity, as befits nonwelded ash-flow deposits. An
exception to this involves the blue-shaded interval
in the upper part of the cross section shown in plate
17. The spatial position of this region corresponds

Figure 75.  Uncertainty associated with simulated 
models of saturated hydraulic conductivity for the 
TSw model unit.

Figure 76.  Uncertainty associated with simulated 
models of thermal conductivity for the TSw model 
unit.
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to drillhole WT-4. In fact, drillhole WT-4 contains
rhyolitic lava and breccia in the upper part of the
Calico Hills Formation (R. W. Spengler, U.S. Geo-
logical Survey, written communication, 1994; cited
in Clayton, 1996), in addition to the more prototyp-
ical ash-flow tuff lithology. Note that drillhole WT-
16, located some 6500 ft north-northeast of WT-4,
contains only rhyolitic lavas and was excluded
from this modeling effort as properly belonging to
an entirely different geologic terrane. Despite the
atypical lithology, however, the simulated porosity
model captured the low apparent porosity of these
flow rocks, as indicated in the drill hole logs of
Appendix B.

The uncertainty model [part (f) of each plate]
clearly indicates that uncertainty is relatively high
except in the vicinity of the several drill holes that
penetrate to this stratigraphic level. Uncertainty, as
expressed by a larger standard deviation of the 100
replicate stochastic simulations, is particularly high
in the southern half of the area, as shown in plate
15. Uncertainty is also high along the western mar-
gin of the modeled domain (plate 16, 17); uncer-
tainty is even higher in the deeper portions of this
western area. Uncertainty also increases east of the
immediate repository region in the eastern half of
the region. Again uncertainty is greater in the
deeper part of the stratigraphic section. An interest-
ing feature of the uncertainty model shown in plate
16(f) is the green-colored region of low uncertainty
associated with drillhole WT-14. Hole WT-14 pen-
etrates only the upper part of the Calico Hills For-
mation, and extent of this hard, conditioning data is
clearly reflected in the abrupt transition from
green-shaded grid blocks to yellow and red colors
in the lower two-thirds of the composite profile.

Validation

Another set of four randomly selected simu-
lated porosity profiles has been extracted from the
suite of porosity models for the Calico Hills–Prow
Pass combined stratigraphic unit and these are pre-
sented in figure 77(a) through (d). Also shown for
comparison are traces representing the original
measured porosity data used to generate the simu-
lations (heavy solid line) and the summarized E-
type model (lighter dashed line). As was the case
for the other model units discussed previously, the

simulated values closely approximate the associ-
ated measured porosity values, as does the line rep-
resenting the expectation of porosity over the full
suite of 100 realizations. As was also the case for
the Topopah Spring welded model unit, the simu-
lated profiles, which are discretized on 10-m (33-
ft) vertical spacings, simply cannot capture all of
the finer-scale variability represented in the 3-ft (1-
m) nominal sampling density in each drill hole.
Finer discretization of the model domain almost
unquestionably would allow additional detail to be
modeled, particularly in the Calico Hills part of the
combined CH–PP unit where there are thin
reworked intervals between the several ash-flow
tuff main units (see Moyer and Geslin, 1995). 

Note also that the porosity profiles in figure
77 illustrate a logistical fact of life that becomes
progressively worse in attempting to model the
deeper volcanic units at Yucca Mountain: specifi-
cally the profiles of figure 77(c) and (d) indicate
that the density of conditioning information
becomes rather sparse below the level of the Calico
Hills Formation. The paucity of measured data
from the deeper units is one of the major reasons
why we elected to treat the generally nonwelded
Calico Hills Formation and Prow Pass Tuff as a
single entity, lest modeling of the Prow Pass inter-
val be conditioned solely to a very limited number
of drill holes. In this manner, we are able to repro-
duce the overall statistical character of the general-
ized interval even though site-specific conditioning
information is lacking throughout much of the
modeled volume (see list of partial drillhole pene-
trations for the CH–PP model unit in table 4).

The most important feature to understand
from figure 77(c) and (d) is that although the E-
type model values (light dashed profile) are essen-
tially constant at approximately the mean/median
porosity of somewhat more than 30 percent for the
model unit as a whole [fig. 20(a)], the individual
simulated porosity profiles retain much of the het-
erogeneous character of the Prow Pass Tuff as rep-
resented in parts (a) and (b) of figure 77. Note that
although there is a fairly broad range of simulated
values at each vertical position, the simulated val-
ues are not entirely random, figuratively bouncing
across the range of possible porosities from zero to
100 percent. There is considerable spatial correla-
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tion in the stratigraphically vertical direction as
required by the variogram of figure 42(a). Addi-
tionally, there is continuity in the stratigraphically
horizontal dimensions as well [figure 42(b)] that
reflects property correlations “brought in” from
geologically nearby drill holes. 

Histograms representing the univariate statis-
tical character of the modeled CH–PP combined

unit are presented in figure 78, parts (a) through
(d). Comparison of the histograms and summary
statistics for the four randomly selected simulated
models in the upper two rows of figure 78 with the
corresponding histogram and summary statistics
for the original measured porosity values [part (e)]
indicates that the simulated porosity models of this
model unit are, indeed, functionally identical to the
real world in terms of univariate statistical charac-
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Figure 77.  Comparative porosity profiles extracted from simulated models of porosity in the CH-PP model 
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ter. Notice that the relatively large number of
“trimmed” data represents the fact that grid nodes
constituting the model were not simulated unless
conditioning data could be located within 12,000 ft
horizontally or 180 ft vertically (in stratigraphic
coordinates); see discussion of porosity variogra-
phy for the CH–PP model unit beginning on
page 56. Such unsimulated grid nodes were
assigned a missing-value code consisting of a large
negative integer, which is then ignored in comput-
ing the histogram summary.

The histogram and summary statistics of the
E-type model presented in part (f) of figure 78
stand in marked contrast to the rest of the illustra-
tion. The distribution has been made effectively
symmetrical, and more than 70 percent of the mod-
eled porosity values fall between 30 and 35 percent
(roughly mean plus-and-minus one standard devia-
tion). Porosity values greater than 40 percent, most
likely representing the extremely high porosity
pumice fall deposits known to exist in the Calico–
Prow interval (includes both inter-particle void
space and intra-particle frothy pore space), are
almost wholly absent in the E-type model. Porosi-
ties of less than 25 percent, including a non-trivial
number of measured values of less than 10-percent
porosity most likely representing thin very fine
grained ashy or reworked layers, are missing from
the summarized model as well. The reader is
referred to the geologic descriptions of Moyer and
Geslin (1995) for detail regarding the various litho-
logic materials present in this stratigraphic interval.

Figures 79 and 80 present variograms com-
puted for the simulated models.† Figure 79 is for
the overall ensemble of simulations, whereas figure
80 is a comparison of variograms computed for the
four simulated porosity models used previously as
examples. Parts (a) of the figures show variograms
in the vertical direction, whereas parts (b) and (c)
are for the stratigraphic horizontal. The direction of
maximum spatial continuity is azimuth = 0�
[north–south; fig. 80(b)].  

The vertical variograms of the simulated
porosity models shown in figure 80(a) do not

match the input modeled variogram description
very well at all. Variability in the vertical direction
in the simulated models is much greater at any
given separation distance than called for by the the-
oretical variogram. Note, however, it appears as
though one could simply shift the input model by
approximately 0.3 normal-score units and match
the simulation variograms almost exactly. We ten-
tatively attribute this systematic vertical offset of
output spatial continuity patterns with respect to
the input modeled variogram (the differences in
variance) to the phenomenon described in the
descriptive section that presented the sample vario-
grams for the CH-PP model unit on page 56, spe-
cifically the “horizontal hole-effect” presumed to
be caused by use of (at least) two different sets of
porosity data. Recall that the sample vertical vario-
gram of figure 42(a) never reached its sill value,
and that a very long range third structure was
added to the theoretical variogram model to force
the total sill to equal 1.0, as required for the
sequential gaussian simulation algorithm. 

The variograms of the simulated porosity
models for the stratigraphically horizontal dimen-
sion of maximum spatial continuity, shown in fig-
ure 80(b), indicate a markedly shorter range than
was implied by the input variogram provided to the
simulation algorithm. These variograms of the sim-
ulations computed at azimuth = 0� still exhibit a
longer range, however, than do the equivalent vari-
ograms for azimuth = 90� [fig. 80(c)], indicating
that anisotropy in the horizontal plane is not as
extreme as had been modeled originally. Recall
that table 15 indicated a stronger anisotropy ratio 1
(~0.27 for both nested structures 2 and 3 than had
been inferred for any of the other units (typically
on the order of 0.4–0.5). Given that the third data
point on the sample variogram of figure 80(b) is
matched quite closely by the four simulated mod-
els, it appears that the lower-variability points 4–6
on the sample (data) variogram are anomalous, and
may in fact be related to the horizontal hole effect
evident in the vertical variograms discussed in the
preceding paragraph. The east–west variograms
reproduce the input model in this direction quite
closely. †See also discussion of variograms in Appendix D.
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Bulk Density

Bulk density for the combined CH–PP model
unit was modeled directly from the summary

model of expected porosity. The prediction rela-
tionship is given by equation (41) on page 93.

(a)

(d)

(b)

(e) (f)

Figure 78.  Histograms of four individual simulations of porosity in the combined CH–PP model unit [(a)–
d)] compared to original porosity data [(e)] and E-type summarized model [(f)]. Associated statistical 
summary shown for each histogram.

(c)
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Alteration Indicators

Zeolitic alteration is a prominent, but spa-
tially variable, feature of the deeper part of the vol-
canic section at Yucca Mountain. In addition to the
simulated porosity models for the combined Calico
Hills–Prow Pass model unit, we have also created
100 simulated models of (presumed zeolite) alter-
ation in this stratigraphic interval. Although the
alteration models were created using sequential
indicator simulation of a categorical variable (see
page 62), the resulting simulated models should
resemble their real-world equivalent when evalu-
ated according to the same three validation criteria
previously applied to the simulated models of a
continuous variable (page 67). 

Figure 81 is a presentation of alteration pro-
files corresponding approximately to four different
drill hole locations for four randomly selected sim-
ulated alteration models compared with the condi-
tioning indicator flags that were provided as input
to the simulation algorithm. The manner of presen-
tation is somewhat different than the profiles of
porosity presented previously. The widest set of
horizontal bars correspond to the input indicator
flags; a dark bar indicates the presence of alteration
in the relevant drill hole data, shorter bar extending
only one-quarter of the distance across the column
indicates the presence of no alteration. Blank inter-
vals indicate no information. For the drill holes of
interest, the alteration flags are available on a fairly
uniform 3-ft (1-m) nominal spacing. The exception
to this state is drill hole WT-18, for which the total
depth of the hole is indicated on the figure. The

(b) (c)

(a)

Figure 79.  Reproduction of input variograms for simulated porosity models of the combined CH–PP 
model unit: (a) stratigraphic vertical, (b) stratigraphic horizontal, azimuth = 0�; (c) stratigraphic 
horizontal, azimuth = 90�. Dashed line with error bars is average variogram with plus/minus 95-percent 
confidence interval; heavy solid line is input variogram model.
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narrower sets of bars indicate the simulated pres-
ence (dark) or absence (white) of alteration at the
grid node nearest to the relevant drill hole. 

In keeping with the analogy of actual rocks,
simulated rocks are either altered (I(x) = 1) or not
altered (I(x) = 0). In contrast to this binary logic,
the functioning of the expectation operator, which
produces the E-type model of alteration, yields a
value between zero and one that is interpreted as
the probability of alteration at the specific location.
Very large (or very small values) within this [0,1]
interval represent rocks almost certain to be altered
(unaltered), whereas values of approximately 0.5
are about equally likely to be altered as to be unal-

tered. Because of this probabilistic interpretation of
the E-type model in this case, we present these val-
ues as symbols connected by a dashed line at the
appropriate [0,1] location at the vertical position of
the actual grid nodes involved. Note that for pur-
poses of assigning secondary property values
within the CH–PP model unit based on coregional-
ization with porosity, we have elected to work with
the most likely (expected) rock type at each node.
Accordingly if the probability value is less than or
equal to 0.5, the simulated material was presumed
to be unaltered; if the probability of alteration was
greater than 0.5, alteration was assumed to be
present and the secondary property generated
accordingly.
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Figure 80.  Variograms for simulated porosity models of the CH-PP model unit compared to input model 
and original data. (a) Stratigraphic vertical; (b) stratigraphic horizontal, azimuth = 0�; (c) stratigraphic 
horizontal, azimuth = 90�.
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The profiles of figure 81 are consistent with
what is generally known about zeolitic alteration at
the Yucca Mountain site. In the northern portion of
the site area, the entire vertical extent of the Calico
Hills Formation and Prow Pass Tuff typically is
altered except where the Prow Pass Tuff has been
partially welded and devitrified; drillholes WT-18
[fig. 81(a)] and SD-9 [fig. 81(b)] are examples. The
high-temperature-crystallization mineral assem-
blage is effectively stable at low temperatures,
whereas uncrystallized glass is inherently unstable
and will alter readily to zeolite minerals in the pres-
ence of ground waters of the proper-composition.
The unit principally affected by such partial weld-
ing and early crystallization is informally named
ash flow unit 3 of Moyer and Geslin (1995), and
the presence of this interval is clearly shown as the
approximately 100-ft (nominal) interval at strati-
graphic depths of about 500 ft in profiles (b) and
(c) [as well as (d)]. In the southern (and southwest-
ern) portions of the site area, the rocks typically
have been preserved above the ground-water table
essentially since their formation. Thus, unaltered
vitric materials are preserved at the higher strati-
graphic levels in addition to any welded–devitrified
rocks. Compare the preserved unaltered top of drill
hole SD-7 [profile (c)] with the even more exten-
sive presence of unaltered tuff in the upper three-
quarters of drill hole G-3 [profile (d)], which is
located farther south than UZ-16. Even for drill-
hole WT-18, for which there is no direct evidence
of alteration state below TD (total depth) at
approximately a stratigraphic depth of 290 ft, there
is a suggestion of a lower likelihood of alteration at
a depth of about 450 ft, in contrast to the higher
(but still fairly uncertain) probability of alteration
at stratigraphic depths of, say 700–800 ft.

Note that an independent three-dimensional
model of alteration mineralogy for Yucca Moun-
tain has recently been developed by Chipera and
others (1997).† This model was constructed using
an entirely different deterministic approach based
upon the presumption that thin lithostratigraphic
layers subject to preferential alteration can be iden-
tified and projected across the model domain using
only sparse drillhole data. Abundances of alteration
(and other) minerals similar to those construed as
“altered” rocks in the current study have been

interpolated (and extrapolated) throughout those
layered volumes using an inverse-distance-squared
algorithm. Uncertainty in the predicted mineral
content is not estimated, and all layers represent
vertically averaged mineral contents. Despite the
very significant differences in approach and model-
ing methodology, the results are quite similar in
that “altered” and “unaltered” rock types occur in
grossly interstratified vertical sequences. A more
detailed comparison of the two modeling efforts is
not yet available.

Figure 82 presents the simulated proportions
of unaltered and altered rock types at Yucca Moun-
tain for four randomly selected stochastic realiza-
tions of alteration indicator flags. Recall that the
proportions of actual rock types, as identified using
the differential separation between the RH and OD
core porosity data or the water-filled vs total poros-
ity or bound-water fraction for the petrophysical
logs is 47.5-percent unaltered, 52.5-percent altered
(table 11) with a standard deviation of effectively
50 percent (0.499). More reasonably, given the
fairly wide spacing of the underlying drill holes,
unaltered and altered rocks appear to be present in
roughly subequal proportions. Given this interpre-
tation, it appears that the results for the four simu-
lated models shown in figure 82 are quite
reasonable. Out of four randomly selected simu-
lated models, two are dominated by altered rocks
and two by unaltered. The differential between the
two rock types is approximately correct at roughly
a difference of 5 percent. A reasonable conclusion
is that we cannot distinguish the simulated alter-
ation models from our observations of the real
world, based only on relative proportions. 

Figure 83 presents a comparison of vario-
grams from the four alteration simulations com-
pared to both the input variogram model and the
original experimental variogram plot.‡ Figure 83(a)

†Chipera, S.J., Carter-Krough, K., Vaniman, D.T., 
Bish, D.L., and Carey, J.W., 1997, Preliminary 
three-dimensional mineralogic model of Yucca 
Mountain, Nevada: Yucca Mountain Site Character-
ization Project Deliverable Product No. SP321AM4, 
Los Alamos National Laboratory, Los Alamos, N. 
Mex., 26 p.

‡See also discussion of variograms in Appendix D.
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shows the spatial continuity pattern of the simu-
lated models in the vertical direction whereas fig-
ure 83(b) and (c) are the equivalent variograms in
the stratigraphic horizontal directions in the direc-
tion of maximum and intermediate continuity. Fig-
ure 84 continues the validation comparison for the
full suite of 100 simulations.  

The first impression from figure 83 is that
the simulated models exhibit a shorter range of cor-
relation than did the input model, although the
match in the stratigraphic horizontal east–west
direction is actually quite good. Again, as in sev-
eral previous instances, the simulated variograms
appear to resemble the original experimental (data)

variogram more closely than the inferred model;
note especially figure 83(b), the third and fourth
experimental points. It would appear that points
five, six, and eight represent anomalously low vari-
ability. The interpretation is that there is more ver-
tical to horizontal anisotropy and less anisotropy in
the stratigraphic plane than we had originally
inferred. The somewhat shorter range of the simu-
lated models in the vertical direction of figure
83(a) is somewhat unexpected, as the original
experimental variogram [figure 43(a)] was quite
well constrained by the close downhole sampling
pattern. However, the pattern is consistent with
observations involving variograms for porosity in
the CH–PP unit [fig. 80(a)].
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Figure 82.  Histograms showing the relative proportions of four randomly selected alteration-flag 
simulations. (a) Simulation no. 5, (b) no. 31, (c) no. 60, (d), no.87. Target proportions shown by horizontal 
lines: 0.475 unaltered, 0.525 altered (table 11).
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Saturated Hydraulic Conductivity

Modeling of secondary properties, such as
saturated hydraulic conductivity, for the combined
Calico Hills–Prow Pass model unit is complicated
by the existence of alteration phenomena that
change the gross character of those secondary

properties. In this study, we have generated full-
model coregionalized fields of hydraulic conduc-
tivity from the individual simulated porosity mod-
els. These hydraulic conductivity fields thus exhibit
the desired statistical properties, such as reproduc-
tion of the histogram and spatial continuity pat-
terns. The assumption here is that these

Figure 83.  Indicator variograms from four simulated models of alteration in the CH-PP model unit 
compared to input model and original data. (a) Stratigraphic vertical; (b) stratigraphic horizontal, azimuth = 
0�; (c) stratigraphic horizontal, azimuth = 90�. 
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characteristics were produced in the rocks close to
the time of original deposition. The rocks were
then altered (zeolitized, for the most part), and the
alteration process is presumed to have imparted its
own characteristics to those rocks so affected. In
practice, this late-stage alteration has been mod-
eled using the alteration-indicator approach
described on page 62 and the spatial correlation
parameters described on page 57. The E-type alter-
ation indicator model was then superimposed as a
template or “cookie cutter” onto the full-model
hydraulic conductivity model. If the rock at a par-
ticular grid node is expected to be unaltered, the
coregionalized hydraulic conductivity value was
retained. If the rock at that grid node is expected to
be altered, the coregionalized conductivity value
was discarded and replaced by a simulated

“zeolitic” hydraulic conductivity value drawn at
random from a gaussian distribution with the mean
and variance specified in table 8 (without no-flow
samples; fig. 26).

Statistical validation of the final altered-plus-
unaltered models of saturated hydraulic conductiv-
ity for the CH–PP model unit is complicated by the
composite nature of these models. We therefore
present first validation statistics for the full-model
unaltered hydraulic conductivity fields to demon-
strate that these “pre-zeolitization” models exhibit
the desired geostatistical attributes. We then allow
the models to be “altered”, and repeat the valida-
tion exercise.

Figure 85, parts (a) through (d), presents his-
tograms of four randomly selected full-model,

Figure 84.  Reproduction of input variograms for simulated alteration indicator models of the combined 
CH–PP model unit: (a) stratigraphic vertical, (b) stratigraphic horizontal, azimuth = 135 �; (c) 
stratigraphic horizontal, azimuth = 45�. Dashed line with error bars is average variogram with plus/
minus 95-percent confidence interval; heavy solid line is input variogram model.

(a)

(c)(b)
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unaltered hydraulic conductivity fields. The histo-
gram of the 76 available measured hydraulic con-
ductivity data is shown in part (e) of the figure.
Visually, the simulated full-field models appear to
be reproducing the measured data quite closely.
The summary statistics associated with each indi-
vidual histogram also indicate close agreement of
models with measurements. The slight differences
between models and data in the configuration of
the lower-conductivity mode at approximately log
Ksat = –10.5 are attributed to the fact that the sam-
ple size for the laboratory-measured values is quite
small, samples come in integer increments and thus
a single sample may exert a major influence on the
shape of specific parts of the histogram. 

Parts (a) through (d) of figure 86 show histo-
grams of the same four simulated models after the
“rocks” have been “altered”. Part (e) of the figure is
the composite histogram of all measured saturated
hydraulic conductivity values from the laboratory
data set, and part (f) of figure 86 is the histogram of
the summarized, E-type hydraulic conductivity
model.

Note that there are several interesting effects
of the “alteration” process. First, compared to the
unaltered models of figure 85, the “zeolitized”
models of figure 86 exhibit a much larger number
of no-flow values, here arbitrarily set equal to
-14.0. Second, the modal peak of low-conductivity
values at about log Ksat = –10.5 is more prominent
as a result of the combined influence of the unal-
tered model mode at this value and the very high
mode of this approximate value from the altered
sample data. The low-value mode in the unaltered
simulations is attributed to the presence of partially
welded rocks in the Prow Pass portion of the com-
posite CH-PP stratigraphic interval, whereas the
higher modal peak at log Ksat £ –7.3 is attributed
to the highly porous and permeable nonwelded
pumiceous materials also present in this interval. 

The major discrepancy between the magni-
tude of the low-conductivity histogram mode for
the combined measured data and the equivalent
part of the composite models is a direct conse-
quence of the fact that the two rock types were not
sampled for laboratory measurement in proportion

to their relative abundances in the field; the sam-
pling was biased with respect to rock type. Figure
32 indicates that the proportions of altered and
unaltered rocks, as identified from the entire sys-
tematically-sampled CH–PP porosity data set, are
about equal: 52.5 vs 47.5 percent. In contrast, the
laboratory data set contains 134 values from
altered rocks, some 63.8 percent, whereas unal-
tered samples number only 76, or 36.2 percent.
Simply combining the two sets of laboratory values
without proper weighting over-accentuates the
fraction of low-conductivity altered materials. The
simulated models, on the other hand, reproduce the
identified proportions of altered and unaltered indi-
cator flags, and thus presumably constitute a more
accurate representation of the real world rocks.

The E-type model histogram presented in
figure 86(f) is interesting as well. Rather than rep-
resenting a trimodal population as might be
expected (nonwelded, welded/altered, and no-
flow), the mode of no-flow values prominent in
both figures 85(a)–(e) and 86(a)–(e) is completely
absent. Instead, the modes of high-conductivity
nonwelded values and of low-conductivity welded
or altered values have merged into a single mode at
log Ksat £ –9.0. Because altered rocks were repre-
sented in all simulated models by the same
“expected-alteration” model, the centralization of
this latter mode must represent the collapse of the
two major modes shown in the several other parts
of figure 85. The low-conductivity modal value in
figure 86(f) must therefore represent the combina-
tion of the randomly occurring no-flow node values
with the prominent unimodal histogram peak of the
altered-rock conductivity values.

Because the saturated hydraulic conductiv-
ity values for the final, composite conductivity sim-
ulations are associated with the E-type alteration
flags, we are able to examine the correlation behav-
ior of porosity and hydraulic conductivity sepa-
rately for the two rock types, as indicated in figures
87 and 88. Parts (a) and (c) of each figure show the
relationship for unaltered materials, whereas parts
(b) and (d) of each figure are for the altered (pre-
sumably zeolitized) grid nodes. These scatterplots
should be compared with figures 23(b) and 25 on
page 37 and page 39, respectively. 
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(a) (b)

(c) (d)

(e) (f)

Figure 85.  Histograms of four coregionalized models of saturated hydraulic conductivity corresponding to 
the four porosity models presented in figure 77(a) through (d) compared to histograms of original 
measured data [(e)] and E-type model [(f)].



 Modeling Results 131

Figure 86.  (a)–(d): Histograms of four coregionalized models of saturated hydraulic conductivity after 
conductivity values representative of altered rock types have been inserted at the locations of probable 
alteration; (e): histogram of combined unaltered and altered laboratory measurements from the CH-PP 
unit; and (f): histogram of E-type model.

(e) (f)

(c) (d)

(a) (b)
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The unaltered modeled values do, indeed,
exhibit a definite positive correlation with porosity,
as did the unaltered laboratory sample values. In
general, the strength of the relationship is some-
what higher than that of the original (target r2 =
0.60); however, this can be attributed largely to the
exclusion of no-flow values from the diagram of
figure 25(a) and (c), and the inclusion of those no-
flow simulated values in the scatterplots of figures
87 and 88. Clearly dealing with samples that exhib-
ited no measurable flow in the laboratory compli-
cates modeling, and it is possible to “drive”
statistical summaries of either data or models in
almost any direction desired through different
treatment of these non-numeric quantities. 

Correlation between porosity and altered
hydraulic conductivity values in the simulated
models is essentially non-existent. All r2 values
were less than 0.01, which is appropriate given that
they were produced using a gaussian random-num-
ber generator. The correlation of altered conductiv-
ity with porosity in figure 25(d) was 0.42, but
examination of this figure and of figure 25(b) sug-
gests that the higher r2 value can be attributed to
inclusion of a few high-conductivity samples that
were misclassified on the basis of the RH vs OD
drying values. An alteration mechanism that pro-
duces recrystallized mineral phases in pore throats
without meaningfully changing the total pore vol-
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Figure 87.  Scatterplots of modeled saturated hydraulic conductivity as a function of simulated porosity for 
the CH-PP model unit. (a) Simulation no. 5, unaltered rocks; (b) no. 5, altered rocks. (c) Simulation no. 41, 
unaltered rocks; (d) no. 41, altered rocks.
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ume is expected to destroy the correlation of poros-
ity and conductivity.

Figure 89 shows the correlation of porosity
and saturated hydraulic conductivity models for the
expected-value type models. The two different
populations corresponding to the unaltered and
altered rock types are quite apparent in the figure.
Also, as has been the case for the other coregional-
ized E-type summary models, the strength of the
correlation relationship is far greater than justified
by the observed data [fig. 23(b), fig. 25]. Notably
missing from figure 89 are the no-flow samples
from the laboratory data. As described previously,
these simulated values are randomly distributed

throughout the individual models, and as such have
been averaged out of existence in the summary
model.

Uncertainty Model

A global summary of uncertainty associated
with the simulated models of porosity within the
CH–PP composite model unit is presented in figure
90 as a histogram of node-by-node standard devia-
tions computed during generation of the E-type
summary porosity model. The expected uncertainty
associated with porosity prediction, disregarding
location of the modeled values with respect to con-
ditioning data, is approximately 7 porosity percent.
The maximum observed uncertainty is about 10
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Figure 88.  Scatterplots of modeled saturated hydraulic conductivity as a function of simulated porosity for 
the CH-PP model unit. (a) Simulation no. 60, unaltered rocks; (b) no. 60, altered rocks. (c) Simulation no. 
87, unaltered rocks; (d) no. 87, altered rocks.
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porosity percent, and the observed minimum stan-
dard deviation is just over 1 porosity percent. The
univariate distribution of these uncertainty values is
strongly skewed, with a long low-uncertainty tail
representing the values that are strongly influenced
by local conditioning drillhole data. 

Figure 91 presents corresponding histograms
of standard deviations of log values of saturated
hydraulic conductivity. Part (a) of figure 91 is the
most relevant measure of uncertainty, as this histo-
gram was computed during generation of the com-
posite unaltered/altered E-type model. Part (b) of
the figure shows the distribution of uncertainty
measures for the underlying full-field spatially cor-
related values of unaltered hydraulic conductivity,
prior to application of the alteration template. This

global summary of uncertainty associated with the
simulated models of hydraulic conductivity indi-
cates that variability of between one and two orders
of magnitude is observed among the suite of sto-
chastic simulations at the “average” grid location.
Furthermore, with the exception of a very few grid
nodes, the best-constrained Ksat values are uncer-
tain by about an order of magnitude (one log unit).
Although an order of magnitude is quite a bit of
geologic uncertainty adjacent to measured data
from a drill hole, this uncertainty overall is less
than that associated with the “typical” predicted
Ksat value within the PTn model unit; compare to
figure 57. Note however, that the best-constrained
predictions of Ksat in the PTn model unit were
uncertain by only about 0.3 log units, even though
the global uncertainty associated with the some-
what more heterogeneous PTn interval is higher.
We attribute this somewhat contradictory observa-
tion to the much finer-scale discretization of the
PTn model grid (2 m vertically, vs 10 m).

Figure 89.  Scatterplot of saturated hydraulic 
conductivity and porosity for the summary E-type 
models of the CH–PP model unit (5-percent 
subsample).
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Figure 90.  Uncertainty associated with simulated 
models of porosity for the CH–PP model unit.
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(a) (b)

Figure 91.  Uncertainty associated with simulated models of saturated hydraulic conductivity for the CH–
PP model unit. (a) Final composite models; (b) full-domain unaltered model prior to merging with 
“zeolitic” alteration model.
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SUMMARY AND DISCUSSION

The simulated numerical rock properties
models presented in the preceding section of this
report appear to be reasonable discretized represen-
tations containing much of what is known about
the actual distribution of material properties at
Yucca Mountain. The primary, conditionally simu-
lated porosity models for the three major modeling
units have been demonstrated to (1) reproduce the
measured conditioning porosity measurements at
the grid nodes closest to the physical location of
the several drillholes in an appropriate manner, (2)
to reproduce quite closely the statistical character
of the ensemble of conditioning porosity values,
and (3) to reproduce approximately the same spa-
tial correlation structure that is observed (and has
been modeled) using the raw drillhole porosity
data. To this extent, the replicate simulated models
are statistically indistinguishable from what is
known about the actual rocks at Yucca Mountain.
Because the only objective difference among the
members of a given suite of simulations is the ran-
dom number seed used to define the sequential
simulation path through the discretized domain and
initiate the stochastic generation of porosity values,
we conclude that the individual simulations are
equally probable, given our current state of knowl-
edge of the Yucca Mountain site. The secondary
coregionalized material property models of thermal
and hydraulic conductivity appear to reproduce
closely the statistical character of the actual mea-
surements of these undersampled physical proper-
ties, although these individual models do not
reproduce exactly the measured values of these
properties at the locations of those data. This limi-
tation is inherent in our decision to represent these
secondary property fields using coregionalization
rather than a more data-intensive cokriging/cosim-
ulation approach.

The several suites of simulated material
properties models have been summarized through
the preparation of expected-value-type models,
computed as the arithmetic average of the simu-
lated values at corresponding grid nodes across the
entire set of replicate models. This process, which
results in the “most likely” property value given the
surrounding conditioning data, does continue to
reproduce measured data at data locations, but the

resulting univariate and bivariate statistical charac-
ter of the E-type models no longer directly resem-
bles the statistics of the data ensemble. Variability
within the summary-type models is much
decreased, compared with the variability of the
data themselves, and values within the tails of the
data distribution are truncated. To the extent that
such “extreme” values are important in further
numerical modeling of physical processes antici-
pated to occur at the Yucca Mountain site, the
inferred consequences of those physical processes
modeled using the E-type models may be signifi-
cantly in error. Specifically, rocks characterized by
material properties from the tails of the overall
population may constitute a relatively small frac-
tion of the total volume of a flow-and-transport
model. However, if the tail values are spatially con-
nected, those rocks may form very significant con-
duits or barriers to ground-water flow. Even if
rocks with extreme property values are not strongly
interconnnected, flow (and transport) will be
focused through local regions of higher than aver-
age hydraulic conductivity with results that are not
necessarily predictable simply from volumetric
proportions. This latter topic takes on issues
involved in the upscaling of rock properties mea-
sured on a small scale to “represent” much larger
volumes within a flow-and-transport model. The
scaling issue is complex (McKenna and Rautman,
1996) and resolution of the problem is quite
beyond the scope of this report. Note however, that
connectivity of extreme values probably is less sig-
nificant for a diffusive process, such as heat con-
vection, than it is for the advective processes
involving ground water.

The individual simulated property models
and the summary E-type representations provide a
rigorous and quantitative description of geologic
heterogeneity, the inherent variability of rock prop-
erties within a complex volcanic accumulation
caused by both large-scale and small-scale hetero-
geneity in the physical conditions that effected the
formation, emplacement, and subsequent alteration
of these earth materials. The material properties at
Yucca Mountain are heterogeneous and do vary
spatially. Because each individual simulated prop-
erty model is consistent with what is known about
the Yucca Mountain site, these models collectively
provide a quantitative description of our knowl-
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edge-based uncertainty regarding the likelihood of
encountering specific rock property values at spe-
cific locations within the modeled domain. In simi-
lar manner to the material properties themselves,
our uncertainty also is spatially variable. Thus,
knowledge is demonstrated to be heterogeneous as
well.

Issues and Concerns Identified Through 
Modeling

Construction of the simulated and summa-
rized rock properties models described in this
report involved the compilation, evaluation, and
use of a fairly broad assemblage of laboratory and
field data acquired over many years and through a
number of different measurement techniques. Inev-
itably, not all pieces of information used in this
large-scale synthetic effort are directly comparable,
and some data may be partially incompatible with
others. We enumerate in this section a number of
the more significant of these data issues and the
resulting concerns regarding the usefulness of
these models in Yucca Mountain project activities.

Data Concerns

Use of Different Porosity Measurements

The integrated use of porosity data of differ-
ent types and vintages as the underlying basis for
the primary porosity models allows construction of
a coherent, unified model for the entire Yucca
Mountain site area, and at the same time, poses a
number of difficulties. First, the volume of physical
substance interrogated by core sampling and labo-
ratory measurement is quite different than the vol-
ume examined through the use of downhole
geophysical methods. Although the physical vol-
ume of rock involved in a laboratory porosity
determination is only a few tens of cubic centime-
ters compared to many tens of thousands of cubic
centimeters for the downhole petrophysical mea-
surement, the porosity profiles produced using geo-
physics are observed to be much more variable
than those created using only the core measure-
ments. One might reasonably have expected the
variance of two sets of measurements to be
inversely proportional to the relative sample vol-
umes.

The effect of these differences between
porosity as measured by core sampling and through
geophysics are identified in the variograms of fig-
ures 36 and 42. The (stratigraphically) vertical var-
iograms in these figures considered only porosity
data of a single type when comparing pairs of sam-
ples. For the TSw matrix porosity computation, a
drillhole such as SD-9 contains only core-derived
matrix porosity data, whereas a drillhole from the
outlying parts of the site, such as WT-18, contains
only petrophysically derived water-filled porosity
data as a surrogate for the true matrix porosity. The
average squared differences between pairs of like
values is clearly demonstrated to be smaller that
the average squared differences between pairs of
unlike measurements, as indicated by the markedly
different apparent sill values shown in figure 36.
The horizontal variograms include comparisons of
core–petrophysical pairs as well as comparisons of
core-to-core and petrophysics-to-petrophysics;
increased variance is the result, approximating the
univariate variance of the entire data set.

Additionally, we are confronted with the dif-
ferences between one generation of petrophysically
derived porosity and another, as well as the differ-
ences between two different computational meth-
ods involving differences in the type of input
geophysical response from different logging tools
used in the calculations. That the different genera-
tions (“older,” “modern”) of petrophysical porosity
data are not exactly equivalent is clearly indicated
by figures 12 and 13. Although changes of in-situ
rock conditions over the time separating the differ-
ent borehole logging runs are certainly a logical
explanation for some of the scatter exhibited in
these crossplots of what should be overlapping data
sets, the point is well taken that integration of
diverse data is more difficult if the data are not pre-
cisely comparable to one another.

One of the results of the use of “mixed”
porosity data in the modeling process is that some
changes in the resulting material property models
may be artifacts, rather than true changes in geol-
ogy. Such artifacts may be identified in the simu-
lated porosity models by the presence of vertical
“striping,” particularly if the stripe occurs at a
number of grid nodes in the vicinity of a particular
drill hole. “Single-point” anomalies of any type are
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always suspect in geology. Striping may be most
noticeable in the summary E-type models, for
which the associated change in material property
expectation of necessity has been generated in a
substantial number of the underlying stochastic
realizations. Note that uncertainty in predicted
material properties associated with such systematic
biases cannot be addressed through geostatistical
simulation, as presented in this report. Variability
among individual simulated models will be low in
the vicinity of the involved drill hole, decreasing
theoretically to zero at the hole location itself.

Sampling and Testing Biases

Evaluation of the compiled database of mate-
rial properties clearly indicates that the objective of
“systematic” sampling, as described in Study
8.3.1.4.3.1 of the Site Characterization Plan (DOE,
1988), has not been achieved across different work
areas on the Yucca Mountain Project. A lack of
systematic (“representative”) sampling (and test-
ing) for material properties is particularly signifi-
cant for geostatistical modeling using simulation,
in that characteristics of the data ensemble (read:
histogram) are used to extend our knowledge of
property heterogeneity into regions where direct
measurements are absent. If the statistical character
of the data ensemble is distorted by preferential
sampling related to external criteria, those distor-
tions can be propagated into the individual stochas-
tic models and any subsequent numerical process
modeling using those models as input.

Modeling of thermal properties clearly is the
most significantly affected by systematic biases in
the underlying laboratory data. As shown in two
pairs of figures, 28 & 30 and 16(b) & 29, the labo-
ratory thermal conductivity measurements are not
particularly representative of the overall thermal
conductivity of the welded Topopah Spring Tuff.
We have endeavored to compensate at least par-
tially for the systematic selection of the lower-
porosity–higher-thermal-conductivity materials for
laboratory testing by generating simulated (core-
gionalized) models that reflect a thickness-
weighted univariate frequency distribution (fig. 30)
derived using the observed regression relationship
[fig. 28(b)] between lithophysal porosity and ther-
mal conductivity. The situation involving thermal

properties is made worse by the fact that heat con-
duction through earth materials is a function of
large-scale, bulk porosity combined with the occur-
rence of a locally quite large proportion of that
“bulk” porosity as centimeter- to decimeter-sized
lithophysal cavities that simply cannot be sampled
and tested in the laboratory.

Systematic biases also exist in the hydraulic
conductivity data set, although in this case, there is
much more “statistical mass” available as partial
compensation. Some of the modern drill holes
were sampled quite systematically for laboratory
hydraulic conductivity testing (UZ-16, for exam-
ple), whereas the effort for other such holes is
much more biased toward the higher-conductivity
units. Compare, for example, the hydraulic conduc-
tivity profiles published by Engstrom and Rautman
(1996; their figure 10) for drillhole SD-9 with the
equivalent profile for drillhole SD-7 (Rautman and
Engstrom, 1996a; their figure 9). Although a thick-
ness-weighted correction to the univariate fre-
quency distribution of hydraulic conductivity could
have been performed in parallel with the correction
for thermal conductivity, we did not undertake such
a correction for this study in light of the order-of-
magnitude larger number of hydraulic measure-
ments (400–600 vs. 50).

Although modeling of saturated hydraulic
conductivity was not complicated by an issue
directly comparable to the physical impossibility of
performing laboratory tests on thermal conductiv-
ity specimens containing decimeter-scale litho-
physal porosity, a significant additional
complicating factor involves the issue of the “non-
detect” flow measurements. Figure 23 clearly indi-
cates that a very large fraction (more than 35 per-
cent) of the laboratory hydraulic testing yielded no
measurable flow. Although simulation of hydraulic
conductivity models that exhibit the proper, unit-
specific, fraction of non-flowing grid nodes is rela-
tively straightforward, the summary of a suite of
such stochastic models into some reasonable model
of “representative” or “expected” hydraulic con-
ductivity is not so direct. Mathematically, the
alphabetic string, no-flow, cannot be averaged with
simulated values given in meters per second. How-
ever, omitting a full third of one’s knowledge of the
Yucca Mountain site cannot lead to a “representa-
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tive” hydraulic conductivity value by almost any
definition. Attempting to substitute a very low
numeric value for the non-flowing grid nodes is,
arguably, the most “honest” method of dealing with
this issue. However, unlike the results of this sub-
stitution on a numerical process model computed
for an individual simulation, computation of a
physical process model for an E-type property
model averaging arbitrarily small hydraulic con-
ductivities with conductivities typical of the flow-
ing laboratory test specimens can be driven in
virtually any desired direction through (in)judi-
cious selection of that arbitrary value. Spatial con-
tinuity analysis of the vertical distribution of no-
flow hydraulic conductivity values indicated that
although such no-flow values are distributed effec-
tively at random for a model with grid spacings
such as this site-scale modeling effort, there is suf-
ficient spatial correlation that a model involving
random non-flowing grid nodes may not be appro-
priate for more detailed numerical modeling of the
site. (see discussion beginning on page 112).

Issues Involving Geologic Interpretations as 
Input

Construction of the simulated material prop-
erties for this study has identified a modest number
of “interpretive” type issues that are highlighted by
the results of the modeling process. A number of
these are discussed in a subsequent section of this
Summary and Discussion. However, there are also
several issues that have been identified during data
compilation and model generation that are more
directly related to data used as input in this model-
ing process. 

Lithophysal Zones and Rock-Property Units

The presence of laterally extensive intervals
of lithophysal cavity development is a prominent
visual feature of the welded tuffs at Yucca Moun-
tain, even to the untrained eye. As these intervals,
which contain individual lithophysae varying in
size from a centimeter or less to cavities the better
part of a meter across, clearly persist both laterally
and vertically for large distances, it is evident that
this type of alteration phenomenon will affect the
distribution of rock material properties. However,
attempts to map formally named lithophysal zones
to bodies of rock exhibiting consistently higher

porosity have been less than successful. A sum-
mary of this evidence is presented in Appendix C,
in the form of a porosity cross section (fig. C-2, in
stratigraphic coordinates) from north to south
across the entire site-scale model domain, in which
abrupt, major changes in porosity are demonstrated
to occur at vertical positions that have nothing to
do with the “breaks” between named stratigraphic
zones. Moreover, it is unclear in some locations
that “units” of consistent character can be traced
across the modeled area, nor should this sort of
“layer-cake” stratigraphy be expected within a
complex volcanic accumulation that has been
affected by numerous post-depositional alteration
processes. 

Additional information bearing on the pres-
ence or absence of true stratigraphic control of
lithophysal porosity is presented in the individual
drillhole porosity plots of Appendix B. The results
discussed in Appendix C are perhaps the principal
reason this study adopted the approach of treating
porosity as an attribute to be modeled within
larger-scale geologic “units,” rather than as a strati-
graphically controlled entity in and of itself. 

“Contacts” between Major Rock Units

One of the fundamental assumptions under-
lying the rock properties modeling conducted as
part of this study was described on page 6 as
involving the “separation of the geologic column
into several discrete geologic units, each of which
is more internally ‘homogeneous’ in some manner
than subdivisions based on other criteria.” Indeed,
the convention of using stratigraphic coordinates
also described on page 6 and in more detail in the
section beginning on page 11 is dependent upon
our ability to define unit-bounding contacts and to
project those contacts reliably into regions where a
drill hole did not penetrate the boundary of a par-
ticular unit. However, examination of two-dimen-
sional cross sections extracted from the three-
dimensional models while still in stratigraphic
coordinates indicates some local material-property
anomalies that suggest that the contacts of these
major stratigraphic units may not always have been
picked in a consistent manner—at least with
respect to changes in material properties. An alter-
native explanation of these same anomalies is that
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the boundaries of bodies of similar material proper-
ties do not correspond to even the more major
lithostratigraphic subdivisions. This is a disturbing
possibility that calls into question the utility of
these subdivisions in modeling the performance of
the Yucca Mountain site.

This issue of lithostratigraphic and material-
property contacts is most easily addressed by con-
sidering what is perhaps the most pronounced
material-property distinction at Yucca Mountain:
that between welded and nonwelded materials. As
described previously (see figs. 3, 4), we elected to
aggregate densely welded rock types into a “TSw
model unit” of uniformly low porosity, and to
aggregate both nonwelded and more variably
porous rocks into an overlying “PTn unit” and an
underlying “CH–PP model unit.” These latter two
subdivisions are effectively “homogeneous in their
inhomogeneity,” as they both include material of
generally high, but locally quite variable, porosity. 

In keeping with the concept of “homoge-
neous inhomogeneity,” the top of the PTn model
unit has been taken as the boundary between the
Tpcpv2 (crystal-poor moderately welded) or
Tpcpv1 (partially to nonwelded) lithostratigraphic
unit and the overlying densely welded (vitric or
devitrified) neighbor. In a similar manner, the top
of the CH–PP model unit has been presumed to be
the boundary between the Tptpv2 or Tpcpv1 lithos-
tratigraphic unit and its overlying densely welded
(here, vitric) neighbor, Tptpv3. Thus, the more
nonwelded and/or more variably welded materials
would be assigned to the PTn or CH–PP model
units, leaving essentially only densely welded
materials within a “homogeneous homogeneous”
TSw model unit. A part of our reasoning was also
that such a fundamental change in rock type should
be easy to identify with or without continuous core,
leading to a more consistent subdivision of the rock
column across cored and non-cored drillholes.

However, examination of figures 6 through
8, which are profiles of the PTn model unit shorn
of distractions such as fault offsets, clearly indi-
cates local occurrences of very low porosity–pre-
sumably densely welded tuff within this unit,
principally near the top contact. The presence of
these out-of-character materials is most evident in

part (g) of each figure, for which the color scale has
been adjusted to highlight what may otherwise be
fairly subtle changes in porosity. The entire center
section of the top of figure 6(g) is shaded deep pur-
ple, corresponding to the lowest possible porosity
values, whereas the outer extremities of this same
profile are characterized by relatively light-blue-
coded porosity values. That this change in material
properties is an artifact, rather than part of the (het-
erogeneous) geology of Yucca Mountain is sug-
gested more strongly by figures 7 and 8, which are
at right angles to that of figure 6. The former two
cross sections contain a total of three very localized
dark-purple property “anomalies” that indicate
densely welded-type porosity values within this
generally nonwelded modeling unit. A similar
“excursion” of very low porosity values into the
base of the PTn model unit is also indicated in the
center of figure 8(g), as the small dark-purple mass
rising between two downward-convex bulges of
red- and yellow-coded higher porosity. Reference
to the individual drillhole porosity profiles of
Appendix B also suggests either that the moder-
ately/nonwelded-to-densely-welded boundary
between PTn and TSw has not been picked consis-
tently across drill holes (Clayton, 1996), or that the
moderately/nonwelded to densely welded distinc-
tion has little or nothing to do with porosity. Figure
15(g) illustrates this same phenomenon at the top
of the Calico Hills–Prow Pass “nonwelded” unit.
Here, the upper contact of the CH–PP unit is
marked by yellow- to green-coded porosities on the
left-hand (west) side of the figure and by dark-pur-
ple-coded porosity values on the center-right.

Although the modeling conducted as part of
this study could have been performed using modi-
fied upper (and/or lower) contacts picked directly
using the indicated changes in porosity as the crite-
rion, we have elected to continue with the formal
lithostratigraphic boundaries as defined by Clayton
(1996). Although re-picking contacts on the basis
of porosity would have ensured properly “homoge-
neous” modeling units, we would be unable to
back-transform the completed rock-property mod-
els from stratigraphic to real-world coordinates
because there would be no framework geologic
model available (Clayton and others, 1997) from
which to extract the required structure-contour and
thickness information. The point of this modeling
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exercise is not simply to produce “nice” appearing
stratigraphic models, but rather it is to distribute
material properties realistically within a numerical
representation of the real Yucca Mountain that
includes faults, stratigraphic thinning and pinch-
outs, and other less-than-ideal features of the actual
site.

We note that to some extent, the actual
impact of these imperfections in picking contacts
and including minor low-porosity rocks in a high-
porosity unit (and vice-versa) is negligible, to the
extent that what is missed on one side of a contact
is included on the other side thereof. The physical
dimensions of these misclassification errors (if
indeed they are truly misclassifications) are on the
order of about 10 meters or less (10-30 ft). For situ-
ations involving the Topopah Spring welded inter-
val, which is nominally some 300 m (1000 ft)
thick, the physical mis-positioning of the numeri-
cal model is a few percent of the thickness at most.
Although consistency is a virtue to be valued, the
most serious consequences of such mis-picked
contacts would occur at the top of the PTn model
unit where there is no equivalently modeled overly-
ing unit to take up the discrepancy. The Tiva Can-
yon welded thermal/mechanical unit (table 1) was
not included in this material properties modeling
exercise for reasons discussed on page 9. However,
if subsequent process-modeling activities are
unaware of the inconsistencies just described, it
would be possible to assume “welded” = low
porosity for the entire TCw thermal/mechanical
unit, whereas the unit locally would include materi-
als of 20–40-percent porosity in its lower part (for
example, drillholes G-4, WT-17; Appendix B).

Interpretive Observations

Topopah Spring Vitrophyres

The two vitrophyre units (zones Tptrv1 and
Tptpv3) of the Topopah Spring Tuff form distinc-
tive low-porosity, glassy marker units in many out-
crops of this formation of the Paintbrush Group.
The “outer” limits of these units were also selected
as the boundaries of the TSw model unit because
they bound relatively uniformly low-porosity
densely welded tuff and were anticipated to be
readily distinguishable from the less-welded rocks

both above and below. Although there are some
questions as to the consistency of “picking” for
these outer limits to the TSw model unit (see dis-
cussion above), there are other observations that
may be made for these well-known marker inter-
vals that appear to be real features of the rocks at
Yucca Mountain and not mere artifacts to be
argued over by stratigraphers.

For example, consider the lower (“basal”)
vitrophyre of the Topopah Spring Tuff, a unit that
has been identified previously (Ortiz and others,
1985; see table 1) as sufficiently distinctive to war-
rant its own separate thermal/mechanical identity.
Abundant evidence exists from much of the Yucca
Mountain site that characterizes the lower Topopah
Spring vitrophyre as an extremely low-porosity,
black, glassy rock some 10 m or more in thickness.
Ground-water flow through this unit would be
anticipated to be almost entirely through microf-
ractures and larger fractures because “matrix” con-
ductivity is nearly non-existent in rocks of 2–5
percent porosity (see fig. 27 and associated discus-
sion on page 38). Because this unit is typically at or
near the water table within the local repository
region, saturations are generally quite high, and
there has been concern that the thermal pulse from
the repository might alter the metastable glassy
material to low-permeability but mechanically
incompetent clays or zeolites that might form a
permeability barrier beneath the repository
(Knauss, 1987; Whitbeck and Glassley, 1995,†

1996).

Although this material-property modeling
effort does not include a stratigraphic subdivision
separately identifiable as thermal/mechanical unit
TSw3 (table 1), we have succeeded in producing a
unit of lower-than-typical Topopah Spring welded
porosity at the base of the TSw model unit (as
defined in this study). This low-porosity “vitro-
phyre” is shown to advantage in figure 9(g) as the
dark-purple-coded pixels near the base of these

†Whitbeck, M., and Glassley, W.E., 1995, Preliminary 
bounds on the water composition and secondary 
mineral development that may influence the near-
field environment: Yucca Mountain Site Character-
ization Project milestone MOL205, Lawrence Liver-
more National Laboratory, Livermore, Calif.
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two-dimensional stratigraphic-coordinate cross
sections. However, as suggested by part (e) of fig-
ures 9 through 11, in which the porosity coding fol-
lows a linear gradation from low to high, the
absolute magnitude of the porosity throughout
much of the presumed lower Topopah vitrophyre is
significantly higher than the less-than-five-percent
anticipated vitrophyre-like values. In fact, exami-
nation of the individual drillhole porosity plots
contained in Appendix B confirms that the porosity
values used to condition the simulations in lower-
most part of the TSw model unit do not indicate the
presence of a uniformly low-porosity “vitrophyre”
rock-property unit. 

Figure C-2 of Appendix C provides a conve-
nient summary of lower vitrophyre character from
the northern part of the model area to the south.
Some drill holes (e.g., NRG-7, SD-9, SD-12, SD-
7) appear to meet the prototypical low-porosity
external expectation at this stratigraphic level.
However, for holes such as WT-1 and WT-17 (and
others in Appendix B), the porosity of the lower
vitrophyre interval is clearly different and not com-
patible with a straightforward interpretation of low-
porosity glass. Note that figures 9 through 11(e)
suggest that the vitrophyre, as a continuous, low-
porosity glassy unit, does not extend throughout
the site area. If vitrophyre, as in glassy material, is
in fact present in the indicated higher-porosity
regions, the character, and alteration propensity
under hydrothermal conditions, may be quite dif-
ferent from that heretofore understood.

Existence of Other-Than-Expected Thermal 
Conductivity in the TSw Model Unit

That the existing thermal conductivity mea-
surements from the Yucca Mountain site are spa-
tially and lithologically biased appears quite clear
(see Thermal Conductivity beginning on page 40).
What is not so clear is the actual impact of these
biased measurements on the real heat-transfer
behavior of the site. Comparison of the histograms
of measured and predicted thermal conductivity
presented as figures 28(a) and 30 in this report sug-
gests, however, that it will be other than as
expected for two reasons. First, the existence of
high-lithophysal-porosity intervals in the upper
portion of the Topopah Spring Tuff suggests that

the insulating qualities of the upper Topopah
Spring, above the level of the potential repository,
may be greater than indicated by straightforward
application of measured thermal conductivity val-
ues obtained for core samples taken from this same
interval. Second, and in some ways counteracting
the first effect, is the observation that the thickness-
porosity-weighted histogram of predicted thermal
conductivity values (fig. 30) indicates that the
Topopah Spring welded interval as a whole may be
more conductive thermally than indicated (again)
by straightforward application of measured thermal
conductivity values obtained from core samples. 

What does appear to be clear, is that it may
be very important to identify and properly consider
local geologic heterogeneity in the thermal proper-
ties of the site during modeling of waste-isolation
performance. Examination of figures 9 through
11(e) and (g) suggests that lithophysal porosity
(and, by extension, bulk-rock thermal conductivity)
is quite variable over relatively short distances in
the immediate vicinity of the potential repository.
The insulating effect of the lower lithophysae-bear-
ing interval below the proposed repository horizon
is also problematic, given that the physical effect of
even small, centimeter-scale lithophysal cavities is
unknown from actual laboratory testing. A final
imponderable at this time regarding thermal con-
ductivity involves the influence in the vicinity of
the potential repository of the various proportions
of the thickness-porosity-weighted predicted high
thermal conductivity values shown in the histo-
gram of figure 30. Many of the highest thermal
conductivity values in the “representative” distribu-
tion of values are unquestionably associated with
the lower-porosity lower portion of the TSw model
unit. What does appear likely is that bulk-rock ther-
mal conductivities on the order of 2.0 W/m-K are
quite unlikely given the modeled distribution of
lithophysal (total) porosities in the mountain.

Alteration in the PTn Model Unit and its Effect 
on Secondary Properties

The individual porosity profiles presented on
a drillhole-by-drillhole basis in Appendix B, and in
particular, the relative behavior of the two main
porosity traces, suggests that there is a non-negligi-
ble fraction of the upper Paintbrush nonwelded
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interval that exhibits significant hydrous-phase
alteration. Although the alteration indicators devel-
oped in this study are not specific as to mineral
phase, montmorillonitic clays have been described
from the welded-to-nonwelded transition near the
base of the Tiva Canyon Tuff (Buesch and others,
1996). A number of iron-stained and oxidized hori-
zons are present within the nonwelded to “bedded”
(reworked) tuffs within the PTn stratigraphic inter-
val as well, both in core and on outcrop.

Regardless of the specific identity(ies) of the
alteration minerals present within the PTn model
unit, the simple existence of alteration raises the
question of whether straightforward coregionaliza-
tion of hydraulic conductivity to simulated porosity
is an appropriate modeling technique for this part
of the geologic section. We conclude that it would
be preferable to develop a two-part coregionaliza-
tion strategy for modeling hydraulic conductivity
in the PTn model unit, similar to that developed for
and applied in the modeling of the combined Cal-
ico Hills–Prow Pass model unit. The methodology
for modeling altered and unaltered materials sepa-
rately is quite straightforward, and the number of
drill holes containing data from the PTn combined
with the relatively thin nature of this model unit
suggest that the modeling exercise should be quite
feasible. 

A second, more speculative, interpretation to
be drawn from our conclusion of hydrous-phase
alteration in the PTn model unit is that—subject to
more explicit modeling, such as proposed in the
preceding paragraph—there may exist a significant
reservoir(s) of loosely bound structural water
within this stratigraphic interval in the immediate
vicinity of the potential repository. To the extent
that the majority of tuffaceous material lying
between the devitrified lowermost Tiva Canyon
welded tuff and the uppermost devitrified Topopah
Spring welded interval is vitric, mobilization of
this loosely held structural water in association
with elevated temperatures by the thermal pulse of
a constructed repository might allow the alteration
of metastable glass to more widespread clays or
zeolites in a similar manner to that proposed else-
where (Whitbeck and Glassley, 1996) for the lower
vitrophyre of the Topopah Spring Tuff. Although
quite speculative at this time, the formation of a

clay “cap” overlying an actual repository might
significantly change post-waste-emplacement
hydrology by sealing fractures and diverting infil-
trating ground water away from the cooling waste.
Note that the additional thermal “insulation” pro-
vided by the very-high-porosity upper lithophysae-
bearing interval within the TSw model unit—and
which has not been well characterized by labora-
tory measurements of thermal conductivity—may
interact with in unpredictable ways with the
loosely held structural water identified within the
PTn stratigraphic interval.

SUMMARY AND CONCLUSIONS

This work has successfully used data from a
diverse set of site-characterization measurements
to provide the first known areally extensive, site-
scale, fully three-dimensional model of material
properties at the Yucca Mountain site. We have
successfully generated discretized numerical mod-
els of several important hydrologic and thermal
properties for three distinctly different major rock
units at Yucca Mountain. The models have been
constructed using geostatistical simulation meth-
ods conditioned to drillhole measurements of
porosity, with the result that the individual stochas-
tic models are spatially correlated and essentially
indistinguishable statistically from the set of mea-
sured values. These simulated models of porosity
have been provided as input to a linear coregional-
ization algorithm, which has been used to generate
simulated models of secondary material properties,
such as hydraulic and thermal conductivity. These
secondary property models are also spatially corre-
lated and are close statistical replicates of the set of
measured secondary material properties. Cross-
variable correlations exist, and the strength of these
correlations is approximately that described by the
sample correlation coefficients.

Sets of 100 individual simulations for each
material property in each different geologic unit
have been summarized in an single “expected-
value” type model for each property, together with
a quantitative description of geologic uncertainty
associated with each material property. Although
these summary models may represent the most-
likely values expected within the geologically het-
erogeneous model domain, the statistical character
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of these interrelated summary models is markedly
different from the statistical character of the input
measured values. Overall variance is much reduced
in the summary material property models com-
pared with the input stochastic simulations, and the
range of the expected values models is significantly
smaller than that observed in the measured data.
Concomitantly, the cross-property correlations are
much stronger, and may approximate a one-to-one
(perfect correlation) relationship.

This work has also identified a number of
differences among the data from different sources
that complicate modeling and the interpretation of
the output models. Rock properties measured by
one technique may be moderately but systemati-
cally biased with respect to measurements of the
same property by another technique. Additionally,
external factors have led to the existence of spa-
tially and lithologically biased data sets that may
not fairly represent the overall material property

distributions on a thickness-weighted basis. Evi-
dence presented using downhole geophysical mea-
surements suggests that laboratory testing of
thermal conductivity of core samples may not
accurately represent the thermal conductivity of the
in-situ bulk rocks because larger-than-core-scale
lithologic features cannot be sampled and tested.

The final sets of simulated and summarized
models indicate that the distribution of major
hydrologic and thermal properties at the Yucca
Mountain site are heterogeneous, both vertically
and laterally, and that geologically based heteroge-
neity exists on several scales. These models pro-
vide useful insights regarding the spatial variability
of rock properties on the site scale. Furthermore,
they provide the basis for quantitative estimates of
the spatially variable geologic uncertainty, that
which results from less-than-exhaustive site char-
acterization, associated with these models. 
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Table A-17: Data tracking numbers for data used to model rock material properties

Tracking Number
Q/
NQ Title of Technical Data Information Form

GS960708312132.001 Q Qualified geophysical logs (as listed on the qualification checklists) collected 
at 26 boreholes; and water content, poroisty and saturation computations 
derived from logs of USW H-6, USW WT-1, USW WT-2, UE-25 WT#4, UE-
25 WT#6, USW WT-7, USW WT-10, USW WT-11, UE-25 WT#12, UE-25 
WT#13, UE-25 WT#14, UE-25 WT#15, UE-25 WT#17, and UE-25 WT#18

GS960708312132.002 NQ Non-qualified geophysical logs (as identified on the qualification checklists), 
and stratigraphy, lithology, mineralogy, fracture characteristics, and water lev-
els collected from 26 boreholes; and water content, poroisty and saturation 
computations derived from geophysical logs of USW H-1, USW H-3, USW H-
4, USW H-5, USW G-1 USW G-2, USW G-3/GU-3, USW G-4, and UE-25 
P#1

GS950608312231.007 Q Physical properties and water content of core from borehole USW NRG-6

GS951108312231.010 Q Physical properties and water content from borehole USW NRG-7/7A

GS951108312231.009 Q Physical properties, water content, and water potential for borehole USW SD-
7

GS960808312231.004 Q Physical properties, water content, and water potential for samples from lower 
depths in boreholes USW SD-12 and USW SD-7

GS950408312231.004 Q Physical properties and water potentials of core from borehole USW SD-9

GS950608312231.006 Q Water permeability of core from SD-9

GS960808312231.002 Q Relative humidity calculated porosity measurements on samples from bore-
hole USW SD-9 used for saturated hydraulic conductivity

GS950308312231.002 Q Laboratory measurements of bulk density, porosity, and water content for 
USW SD-12

GS951108312231.011 Q Physical properties, water content, and water potential for borehole USW UZ-
7a

GS950308312231.005 Q Physical properties and water potentials of core from borehole USW UZ-14

GS940508312231.006 Q Core analysis of bulk density, porosity, particle density, and in situ saturation 
for borehole UE-25 UZ#16

GS960808312231.005 Q Water permeability and relative humidity calculated porosity for on samples 
from boreholes USW SD-7, USW SD-9, USW SD-12 and USW UZ-14

GS930108312231.006 Q USW UZ-N53 core analysis: bulk density, porosity, particle density, and in situ 
saturation for core dried in 105�C oven

GS960808312231.001 Q Water permeability and relative humidity calculated porosity from boreholes 
USW UZ-N27 and UE-25 UZ#16

GS940108312231.002 Q Core analysis of bulk density, porosity, particle density, and in situ saturation 
for seventeen neutron boreholes: Data for core dried in RH oven and 105�C 
oven for USW UZ-N31, UZ-N32, UZ-N33, UZ-N34, UZ-N35, UZ-N38, UZ-
N58, UZ-N59, UE25 UZN#63 and USW UZ-N64; data for core dried in 
105�C only for USW UZ-N11, UZ-N15, UZ-N16, UZ-N17, UZ-N27, UZ-
N36, and UZ-N37

GS940408312231.004 Q Core analysis of bulk density, porosity, particle density, and in situ saturation 
for three neutron holes USW UZ-N57, UZ-N61, and UZ-N62
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GS920508312231.012 Q USW UZ-N54 and USW UZ-N55 core analysis: bulk density, porosity, parti-
cle density, and in situ saturation for core dried in 105�C oven

TMUSWNRG600097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

TMUSWNRG7A0097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

TMUSWSD7000097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

TMUSWSD9000097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

TMUSWSD1200097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

TMUSWWT2000097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

TMUSWWT10-0097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

TMUE25WT120097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

TMUSWG20000097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

TMUE25UZ400097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

TMUE25UZ500097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

TMUSWUZ7A00097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

TMUSWUZ1400097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

TMUE25UZ160097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

TMUE25ONC10097.001 Q Output data from synthesis of borehole and surface geophysical studies at 
Yucca Mountain, Nevada and vicinity

SNL03042594001.002 Q Average grain density for thermal properties test samples from boreholes 
UE25 NRG4, UE25 NRG-5, and USW NRG-6

SNL03042594001.003 Q Average grain density for thermal properties test samples from borehole USW 
NRG-7/7A

SNL02030193001.014 Q Mechanical properties data (grain density, porosity, unconfined strength, elas-
tic properties & indirect tensile strength) for drillhole UE25 NRG-4 samples 
from depth 378.1 to 695.8 ft

SNL02030193001.017 Q Mechanical properties data (tensile strength, average grain density & porosity) 
for drillhole USW NRG-7/7A samples from depth 18.0 to 495.0 ft

Table A-17: Data tracking numbers for data used to model rock material properties (Continued)

Tracking Number
Q/
NQ Title of Technical Data Information Form
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SNL02030193001.018 Q Mechanical properties data (ultrasonic velocities, static elastic properties, tri-
axial strength, dry bulk density & porosity) for drillhole USW NRG-7/7A 
samples from depth 344.4 ft

SNL02030193001.019 Q Mechanical properties data (grain density, porosity, unconfined strength, con-
fined strength, elastic properties and indirect tensile strength) for drillhole 
USW NRG7/7A samples from depth 507.4 to 881.0 ft

SNL02030193001.020 Q Mechanical properties data (ultrasonic velocities, static elastic properties, 
unconfined strength, triaxial strength, dry bulk density & porosity) for drill-
hole USW NRG-7/7A samples from depth 554.7 to 1450.1 ft

SNL02030193001.021 Q Mechanical properties data (ultrasonic velocities, static elastic properties, tri-
axial strength, dry bulk density & porosity) for drillhole USW NRG-7/7A 
samples from depth 345.0 to 1408.6 ft

SNL02030193001.022 Q Mechanical properties data (ultrasonic velocities, static elastic properties, tri-
axial strength, dry bulk density & porosity) for drillhole USW NRG-6 samples 
from depth 5.7 to 1092.3 ft

SNL01A05059301.005 Q Laboratory thermal conductivity data for boreholes UE25 NRG-4, NRG-5, 
USW NRG-6 and NRG-7/7A, dated 01/19/96

SNL02030193001.009 Q Mechanical properties data (tensile strength, average grain density & porosity 
for drillhole UE25 NRG-5 samples from depth 781.0 to 991.9 ft

Table A-17: Data tracking numbers for data used to model rock material properties (Continued)

Tracking Number
Q/
NQ Title of Technical Data Information Form



Appendix B: Drillhole Porosity Data 155

Appendix B:  DRILLHOLE POROSITY DATA



156 Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada

Introduction

This appendix contains downhole plots of all
porosity data used in generation of the hydrologic
and thermal property models described in this
report. The data are presented by drillhole, first in
true coordinates for the drillhole as a whole and
then for each of the three model units in both true
and stratigraphic coordinates. Note that all drill-
holes are referred to using a number composed of a
simple “series” designator, a hyphen, and a num-
ber. Prefixes such as USW and UE-25 are omitted,
and the drillhole plots are organized quasi-alpha-
betically, with the shallow neutron series last.

Stratigraphic Coordinates

As described on page 12, sample depths, Z,
associated with measured properties data reported
by the original principal investigator were con-
verted to stratigraphic depths, Z�, using the for-
mula:

, (42)

where UnitTop is the depth in the borehole corre-
sponding to the top of the specific model unit, and
where: 

. (43)

Note that UnitTop and UnitBottom were projected
if necessary above or below the physical extent of
the hole using information obtained from the three-
dimensional geologic framework model of Clayton
and others (1997). If required, UnitTop and Unit-
Bottom were also adjusted to account for post-
depostional erosion or for omission of part of a unit
by normal faulting using regional thickness trends
extracted from the 3-D framework model.

Note also that the stratigraphic depths
defined by equation (42) are rescaled and normal-
ized to an arbitrary value corresponding to a nomi-
nal or prototypical thickness of the model unit
across the entire model domain. The values of C
for equation (42) are given in table B-1.
Stratigraphic depths were then converted to strati-
graphic elevations, Z�, prior to input to the geo-
statistical algorithms, as:

. (44)

Note that although it is convenient to maintain a
thought pattern that expresses stratigraphic depths
and elevations as possessing measurement units
(“¤ a stratigraphic depth of 250 ‘feet’¤”) these
stratigraphic dimensions truly are dimensionless. 

The completed property models, which con-
sist of an implicit structured array of simulated val-
ues tied to the input grid specifications of table 3,
were back-transformed from stratigraphic eleva-
tions to real-world Nevada state-plane coordinates,
using the equations provided for such conversions
by Deutsch and Journel (1992, p. 21). Because this
conversion produces values of stratigraphic eleva-
tion, Z�, an additional step was required to account
for the relevant structure contour and isopach infor-
mation for the appropriate model unit, as extracted
from the 3-D geologic framework model (Clayton
and others, 1997), effectively:

. (45)

The result is elevation above sea level. Nevada
state-plane Eastings and Northings were added at
the same time based on the grid-specification infor-
mation given in table 3. Downhole deviation of the
borehole from vertical was not considered in this
study. 

Unit Contacts

Three sets of rock-unit contacts are shown in
the figures of this appendix, as indicated in the
explanation (fig. B-1). Formation-level contacts
(e.g., Topopah Spring Tuff) and the contacts of the
informal lithostratigraphic subdivisions of Buesch
and others (1996) (e.g., crystal-poor middle nonli-

Z′ UnitTop Depth–
UnitThickness

-------------------------------------------- C⋅=

UnitThickness UnitBottom UnitTop–=

Z″ C Z'–=

Table B-1: Scaling constants, C, for nominal 
thicknesses of model units

Model Unit
Scaling 

Constant
C

PTn 200

TSw 1000

CH-PP 800

TrueElevation =

Z″
C
------ Isopach⋅ StructureTop+
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thophysal zone) were taken from a November 1996
digital revision of the tables of Yucca Mountain
Stratigraphic Compendium (Clayton, 1996). Note
that certain of these latter contacts were revised
from the original issue of Clayton (1996), dated
September, and the information presented in these
appendix figures suggests that there remain certain
inconsistencies and probable defects in the vertical
positions of these informal units. Although aesthet-
ically displeasing, the vast majority of these uncer-
tainties and/or inconsistencies are irrelevant to the
modeling activities described in this report because
of the “major rock unit” approach used in this
study. 

The boundaries of the three modeling units,
PTn, TSw, and CH–PP, have been taken by defini-
tion to coincide with the boundaries of selected
lithostratigraphic “contacts” that on paper define
the breaks between welded and nonwelded litho-
somes, as defined in table A-2. Note that because
the full nominal sequence of lithostratigraphic
units defined by Buesch and othes (1996) is not
present in all locations, the specific units described
on either side of the major rock unit boundaries
varies by drillhole. 

In some cases, the figures presented in this
appendix indicate that the most prominent change
in porosity from low (welded) to high (nonwelded)
is not as expected from the nominal descriptions of
Buesch and others. At the time these data were
“frozen” for modeling purposes, it was unclear

whether these apparent porosity-lithostratigraphic
unit mismatches were caused by the application of
inconsistent criteria in describing the lithostrati-
graphic units or because of location-specific alter-
ation that have increased or decreased the porosity
of specific intervals. In all cases, the borehole
depths of these few critical boundaries were
selected to be consistent with the same boundary in
the three-dimensional geologic framework model
of Clayton and others (1997) because of the need to
use structure-contour and isopach information
from this model in the conversion to and from
stratigraphic coordinates.

Table B-2: Listing of lithostratigraphic units 
typically defining modeling-unit contacts
[Unit abbreviations after Buesch and others (1996) and/or 
Moyer and Geslin (1995)]

top of
PTn

top of
TSw

top of
CH–PP

base of
CH–PP

Above Tpcpln
Tpcpv3

bt2
Tptrv3
Tptrv2

Tptpln
Tptpv3

Tcp
Tcpbt

Below

Tpcpv2
Tpcpv1

bt4
Tpy
bt3

Tptrv1
Tptrn

Tptpv2
Tptpv1

bt1
Tac

Tcb

Figure B-1.  Explanation for drillhole porosity data 
plots in Appendix B
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Drillhole G-1

Drillhole G-1 is one of the earliest core holes
drilled at Yucca Mountain and the hole provides
partial penetration of the PTn model unit and full
penetration of the TSw and CH–PP units. Porosity
data from the G-1 drillhole consist principally of
petrophysical porosity values from the older set of
geophysical data, although a few older (NQ) core
data are available for the TSw model unit. 

We have selected only petrophysical porosity
values for use in modeling.
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Figure B-2.  Porosity data in true coordinates from 
drillhole G-1 for the entire drill hole through the top 
of the Bullfrog Tuff.
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Figure B-3.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole G-1.
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Figure B-4.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole G-1.
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Figure B-5.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP 
model unit in drillhole G-1.
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Drillhole G-2 (older data)

Drillhole G-2 is also one of the earliest holes
drilled at Yucca Mountain; it is also the northern-
most of the deep drillholes.  The drillhole provides
nearly full penetration of all three material proper-
ties model units.   Some older core data is avail-
able, but this information has not been included in
the modeling described in this report.

Petrophysically derived  porosity  data
include values from both older and modern data
sets.  We have used selected intervals from both
vintages of petrophysical data as follows: PTn
model unit—no modern logs, use older values;
TSw model unit—poor spatial distribution of valid
older data, use modern values except insert older
data 768–789 ft true depth (no modern values);
CH–PP model unit—use older data as there is only
partial modern coverage.
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Figure B-6.  Porosity data from the older set of 
petrophysical logs for the entire G-2 drillhole.  
Compare with figure B-10.
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Figure B-7.  Porosity data from the older set of petrophysical logs in real-world and in stratigraphic 
coordinates for the PTn  model unit in drillhole G-2.
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Figure B-8.  Porosity data from the older set of petrophysical logs in real-world and in stratigraphic 
coordinates for the TSw model unit in drillhole G-2.
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Figure B-9.  Porosity data from the older set of petrophysical logs for the combined CH–PP model 
unit in the  G-2 drillhole.  
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Drillhole G-2 (modern data)

Refer to the description of data from drill-
hole G-2 on page 162.
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Figure B-10.  Porosity data from the modern set 
of petrophysical logs for the entire G-2 drillhole.  
Compare with figure B-6.
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Figure B-11.  Porosity data from the modern set of petrophysical logs  in real-world and in 
stratigraphic coordinates for the TSw model unit in drillhole G-2.
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Figure B-12.  Porosity data from the modern set of petrophysical logs for the combined CH–PP 
model unit in the  G-2 drillhole.
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Drillhole “G-3”

Drillhole “G-3” actually consists of two sep-
arate drillholes, both located on the same drillpad,
one for the unsaturated zone and one for the inter-
val below the static water level.  The interval mod-
eled as part of this report consists solely of the
unsaturated portion of the hole, and thus the data
are actually from drillhole GU-3

Petrophysical porosity data are available
only from the older set of downhole geophysical
logs, and these include principally total (or litho-
physal) porosity values.  Accordingly we have
inserted a relatively systematically collected set of
older (NQ) core porosity values to represent
matrix porosity in the intervals from approximatley
500–675 and 775–1100 ft true depth that appear to
be lithophysae-bearing, as indicated by the total
porosity petrophysical trace.  We have also substi-
tuted core values for matrix porosity in the lower
vitrophyre unit of the TSw model unit from
approximately 119–1270 ft true depth.
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Figure B-13.  Porosity data in true coordinates 
from drillhole G-3 for the entire drill hole through 
the top of the Bullfrog Tuff.
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Figure B-14.  Porosity data in real-world and stratigraphic coordinates for the PTn model unit for 
drillhole G-3.
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Figure B-15.  Porosity data in real-world and stratigraphic coordinates for the TSw model unit in 
drillhole G-3.
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Figure B-16.  Porosity data in real-world and in stratigraphic coordinates for the CH–PP model unit 
from drillhole G-3.
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Drillhole G-4

Drillhole G-4 is the newest of the pre-site-
characterization cored drillholes and is unquestion-
ably the most systematically sampled of that set.
Petrophysically derived porosity data are from the
older set of downhole geophysical logs.

We have used the petrophysical porosity val-
ues throughout the hole, except that core porosity
measurements have been substituted for matrix
porosity in the inferred lithophysae-bearing inter-
vals from 400–680 and from 770–1310 ft true
depth.
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Figure B-17.  Porosity data in true coordinates 
from drillhole G-4 for the entire drill hole through 
the top of the Bullfrog Tuff.
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Figure B-18.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole G-4.
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Figure B-19.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole G-4.
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Figure B-20.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP 
model unit in drillhole G-4.
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Drillhole H-1

Drillhole H-1 is a non-cored hydrologic hole
for which the available petrophysically derived
porosity value belong to the older  set of geophysi-
cal data.    Note that there are some  abrupt shifts in
the indicated porosity data within the PTn model
unit (particularly noticeable in figure B-22).  These
values were not used in modeling the PTn unit.

          

Figure B-21.  Porosity data in true coordinates 
from drillhole H-1 for the entire drill hole through 
the top of the Bullfrog Tuff.
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Figure B-22.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole H-1.
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Figure B-23.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole H-1.
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Figure B-24.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP 
model in drillhole H-1.
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Drillhole H-3

Drillhole H-3 is an uncored hydrologic test
hole located near the southern end of Yucca Moun-
tain.  Porosity data are based on downhole geo-
physical logs of the older suite.

          

Figure B-25.  Porosity data in true coordinates 
from drillhole H-3 for the entire drill hole through 
the top of the Bullfrog Tuff.
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Figure B-26.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole H-3.
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Figure B-27.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole H-3.
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Figure B-28.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP 
model unit in drillhole H-3.
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Drillhole H-4

Drillhole H-4 is an uncored hydrologic test
hole.  The available porosity values are petrophysi-
cally based and are derived from the older set of
downhole geophysical logs.

          

Figure B-29.  Porosity data in true coordinates 
from drillhole H-4 for the entire drill hole through 
the top of the Bullfrog Tuff.
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Figure B-30.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole H-4.
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Figure B-31.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in drill 
hole H-4.
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Figure B-32.  Porosity data in real world and in stratigraphic coordinates for the combined CH–PP 
model unit in in drillhole H-4.
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Drillhole H-5

Drillhole H-5 is an uncored hydrologic test
hole located in the northern portion of the immedi-
ated repository block.  The available porosity data
are based on petrophysical calculations using data
from the older set of downhole geophysical logs.

          

Figure B-33.  Porosity data in true coordinates 
from drillhole H-5 for the entire drill hole through 
the top of the Bullfrog Tuff.
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Figure B-34.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole H-5.
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Figure B-35.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole H-5.

True Coordinates

Porosity, fraction

0.0 0.2 0.4 0.6

D
ep

th
, i

n 
fe

et

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

Stratigraphic Coordinates

Porosity, fraction
0.0 0.2 0.4 0.6

S
tr

at
ig

ra
ph

ic
 D

ep
th

0

100

200

300

400

500

600

700

800

900

1000

Tptrn

Tptpul

Tptmn

Tptpll

Tptrv1

Tptrv3

Tptpln

Tptpv3

Tptpv2



192 Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada

Figure B-36.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP 
model unit in drillhole H-5.
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Drillhole H-6

Drillhole H-6 is an uncored hydrologic test
hole located to the west of the immediate reposi-
tory block on the downthrown side of the Solitario
Canyon fault.

          

Figure B-37.  Porosity data in true coordinates 
from drillhole H-6 for the entire drill hole through 
the top of the Bullfrog Tuff.
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Figure B-38.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole H-6.
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Figure B-39.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole H-6.
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Figure B-40.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP 
model unit in drillhole H-6.
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Drillhole NRG-4

Only petrophysical porosity values are avail-
able from the NRG-4 drillhole, and the geophysical
logs were run only for a portion of the drillhole
through the stratigraphic interval through which
the Exploratory Studies Facility North Ramp
decline was anticipated the pass. The data are
usable essentially only for the PTn model unit. The
approximately 200 ft of data from the TSw model
unit were not used because of structural complica-
tions involved in projecting the lower contact of the
Topopah Spring welded interval required to make
the stratigraphic-coordinate transformation.

The lower contact of the PTn model unit
appears reasonable geophysically. However, the
upper contact with the overlying welded portion of
the Tiva Canyon Tuff appears to have been picked
too low in the Stratigraphic Compendium (Clayton,
1996), as the selected contact assigns rocks with an
indicated porosities in excess of 20 percent to the
overlying welded interval of the Tiva Canyon Tuff.     
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Figure B-41.  Porosity data in true coordinates 
from drillhole NRG-4 for the entire drill hole.
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Figure B-42.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole NRG-4.
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Drillhole NRG-5

Only petrophysical porosity values are avail-
able for the NRG-5 drillhole, and the geophysical
logs were run only through the portion of the
Topopah Spring Tuff through which the ESF North
Ramp decline was anticipated to pass at the time
the hole was drilled. In fact, the North Ramp
passed the vicinity of hole NRG-5 at a redesigned
depth of approximately 500 ft.
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Figure B-43.  Porosity data in true coordinates 
from drillhole NRG-5 for the entire drill hole.
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Figure B-44.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole NRG-5.
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Drillhole NRG-6

Both petrophysical porosity values and core
measurements are available for the NRG-6 drill
hole. The hole begins in the unmodeled welded
interval of the Tiva Canyon Tuff and provides a
complete penetration of the PTn model unit and a
nearly complete section of the TSw unit. Agree-
ment of the geophysical- and laboratory-deter-
mined porosity data is quite good, with the
anticipated exception of the lithophysae-bearing
intervals.

Two of the three contacts required for the
stratigraphic-coordinate transformation are present
in the drill hole. The lower contact of the TSw
model unit was projected using the three-dimen-
sional geologic framework model (Clayton and
others, 1997). The upper contact of the PTn model
unit appears low, assigning rocks of nearly 20 per-
cent porosity to the overlying Tiva Canyon welded
interval.
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Figure B-45.  Porosity data in true coordinates 
from drillhole NRG-6 for the entire drill hole.
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Figure B-46.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole NRG-6.
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Figure B-47.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in drillhole 
NRG-6.



204 Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada

Drillhole NRG-7

Both petrophysical and laboratory-deter-
mined porosity data are available for the NRG-7
drillhole, providing full sections of both the PTn
and TSw modeling units. Agreement of the core
and geophysically computed porosity values is
quite good for the upper part of the hole, again with
the exception of the lithophysal intervals for which
agreement is not expected. However, the petro-
physical porosity data and the core measurements
diverge markedly below a actual depth of approxi-
mately 1200 ft. The core values have been used for
matrix porosity throughout the hole

All the required contacts are present in the
core from the hole. The upper contact of the PTn
model unit appears low, with rocks of 20-percent
porosity assigned to the overlying “welded” inter-
val.
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Figure B-48.  Porosity data in true coordinates 
from drillhole NRG-7 for the entire drill hole.
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Figure B-49.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole NRG-7
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Figure B-50.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole NRG-7.
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Drillhole SD-7

Drillhole SD-7 is one of six recent site-char-
acterization drillhole that is located within the main
repository block at Yucca Mountain, slightly to the
west of the Ghost Dance fault.  The drillhole con-
tains a full suite of modern geophysical logs for
which total and water-filled  porosities have been
calculated, and the hole was cored from top to bot-
tom producing a full suite of both RH and 105�C-
dried porosity measurements.
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Figure B-51.  Porosity data in true coordinates 
from drillhole SD-7 for the entire drill hole through 
the top of the Bullfrog Tuff.
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Figure B-52.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole SD-7.
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Figure B-53.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole SD-7.
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Figure B-54.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP 
model unit in drillhole SD-7.
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Drillhole SD-9

Drillhole SD-9 is one of six site characteriza-
tion drillholes and is located within the main repos-
itory block at Yucca Mountain, slightly to the west
of the Ghost Dance fault.  The drillhole contains a
full suite of modern geophysical logs for which
total and water-filled porosity values have been cal-
culated.  The hole was cored from top to bottom,
and there is a full suite of both RH- and 105�C-
dried laboratory porosity measurements.
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Figure B-55.  Porosity data in true coordinates 
from drillhole SD-9 for the entire drillhole.
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Figure B-56.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole SD-9.
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Figure B-57.  Porosity data in real-world and in stratigraphic coordinates for th TSw model unit in 
drillhole SD-9.
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Figure B-58.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP 
model unit in drillhole SD-9
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Drillhole SD-12

Drillhole SD-12 is one of six deep site-char-
acterization drillholes and is located wihtin the
main repository block at Yucca Mountain, slightly
to the west of the Ghost Dance fault.  The drillhole
provides a complete suite of modern petrophysical
logs, from which total and water-filled porosity
values have been calculated.  The hole was cored
from top to bottom, and there are a full suite of
both RH- and 105�C-dried porosity measurements.
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Figure B-59.  Porosity data in true coordinates 
from drillhole SD-12 for the entire drillhole through 
the top of the Bullfrog Tuff
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Figure B-60.  Porosity data in real-world and in  stratigraphic coordinates for the PTn model unit in 
drillhole SD-12.
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Figure B-61.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole SD-12.
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Figure B-62.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP 
model unit in drillhole SD-12.
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Drillhole UZ-7A

Drillhole UZ-7A is a special-purpose site
characterization drill hole that was started in the
hanging wall of the Ghost Dance fault and drilled
to intersect the fault at depth.  The hole contains a
full suite of modern petrophysical logs from which
total and water-filled porosity values have been cal-
culated.  Although core recovery was locally quite
poor, the hole was cored from top to bottom, and
there are a full suite of both RH- and 105�C-dried
laboratory porosity measurements.
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Figure B-63.  Porosity data in true coordinates 
from drillhole UZ-7A for the entire drillhole.
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Figure B-64.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole UZ-7A.
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Figure B-65.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole UZ-7A.
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Drillhole UZ-14

Drillhole UZ-14 is one of six deep site char-
acterization drillholes at Yucca Mountain.  The
hole is located immediately to the northwest of the
main repository block.  The hole provides a com-
plete suite of modern petrophysical logs, from
which total and water-filled porosity values have
been calculated.  The hole was cored from top to
bottom, and there are a full suite of both RH- and
105�C-dried laboratory porosity measurements,
with the exception of the very lowermost portion of
the hole for which only petrophysical porosity data
are available.
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Figure B-66.  Porosity dat in true coordinates from 
drillhole UZ-14 for the entire drillhole.
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Figure B-67.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole UZ-14.
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Figure B-68.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole UZ-14.
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Figure B-69.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP 
model unit in drillhole UZ-14.
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Drillhole UZ-16

Drillhole UZ-16 is one of six deep site char-
acterization drillholes at Yucca Mountain.  The
hole is located to the southeast of the main reposi-
tory block, and it provides a full suite of modern
geophysical logs from which total and water-filled
petrophysical porosity values have been calculated.
The hole was cored from top to bottom, and there
are a full suite of both RH- and 105�C-dried labora-
tory porosity measurements.
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Figure B-70.  Porosity data in true coordinates for 
drillhole UZ-16 for the entire drillhole.
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Figure B-71.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole UZ-16.



228 Three-Dimensional Hydrological and Thermal Property Models of Yucca Mountain, Nevada

True Coordinates

Porosity, fraction

0.0 0.2 0.4 0.6

D
ep

th
, i

n 
fe

et
200

300

400

500

600

700

800

900

1000

1100

1200

1300

Stratigraphic Coordinates

Porosity, fraction
0.0 0.2 0.4 0.6

S
tr

at
ig

ra
ph

ic
 D

ep
th

0

100

200

300

400

500

600

700

800

900

1000

Tptrn

Tptpul

Tptmn

Tptpll

Tptrv1

Tptrv3Tpbt2

Tptpln

Tptpv3

Tpbt1

Tac

Tptrl

Tptpv1

Figure B-72.  Poroisty data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole UZ-16.
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Figure B-73.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP 
model unit in drillhole UZ-16.
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Drillhole WT-1

Drillhole WT-1 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity. The lower part of the Calico
Hills Formation and the entire Prow Pass Tuff are
missing at this location because of a fault. Strati-
graphic coordinates for the CH–PP model unit are
based upon the inferred true thickness of this inter-
val reconstructed from regional thickness trends.
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Figure B-74.  Porosity data in true coordinates 
from drillhole WT-1.
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Figure B-75.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole WT-1.
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Figure B-76.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-1.
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Figure B-77.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP 
model unit in drillhole WT-1. The lower part of the Calico Hills Formation and the entire Prow Pass 
Tuff are missing at this location because of a fault. 
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Drillhole WT-2 (Older Data)

Drillhole WT-2 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the earliest geophysi-
cal logs belong the older suite of petrophysical
data. The hole has been relogged as part of site
characterization at Yucca Mountain, and there is
also a full suite of modern geophysical informa-
tion. These data have been converted to values of
total and water-filled porosity. 
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Figure B-78.  Porosity data in true coordinates 
from drillhole WT-2 for the entire drillhole down to 
the top of the Bullfrog Tuff using the older 
petrophysical data.
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Figure B-79.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole WT-2, computed from the older series of petrophysical logs.
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Figure B-80.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-2, computed from the older series of petrophysical logs.
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Figure B-81.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP model 
unit in drillhole WT-2, computed from the older series of petrophysical logs.
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Drillhole WT-2 (Modern Data)

Drillhole WT-2 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the hole has been rel-
ogged as part of site characterization at Yucca
Mountain, and there is a full suite of modern geo-
physical information in addition to the older suite
of logs that were obtained shortly after drilling.
These data have been converted to values of total
and water-filled porosity. 
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Figure B-82.  Porosity data in true coordinates 
from drillhole WT-2 for the entire drillhole down to 
the top of the Bullfrog Tuff using the modern 
petrophysical data.
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Figure B-83.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole WT-2, computed from the modern series of petrophysical logs.
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Figure B-84.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in drillhole 
WT-2, computed using the modern series of petrophysical logs.
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Figure B-85.  Porosity data in real-world and is stratigraphic coordinates for the combined CH–PP model 
unit in drillhole WT-2, computed from the modern series of petrophysical logs.
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Drillhole WT-3

Drillhole WT-3 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity. 
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Figure B-86.  Porosity data in true coordinates 
from drillhole WT-3 for the entire drillhole.
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Figure B-87.  Porosity data in real-world and in stratigraphc coordinates for the PTn model unit in 
drillhole WT-3.
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Figure B-88.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-3.



Appendix B:  Drillhole Porosity Data, Drillhole WT-4 245

Drillhole WT-4

Drillhole WT-4 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity. 
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Figure B-89.  Porosity data in true coordinates 
from drillhole ST-4 for the entire drill hole.
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Figure B-90.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-4.
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Figure B-91.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-4.
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Figure B-92.  Porosity data in real-world and in stratigraphci coordinates for the combined CH–PP model 
unit in drillhole WT-4.
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Drillhole WT-6

Drillhole WT-6 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity. 

The Topopah Spring tuff is anomalously thin
in the vicinty of the WT-6 drill hole, and virtually
the entire thickness of the Calico Hills Formation
that was penetrated in this drillhole consists of rhy-
olitic lavas rather than of pyroclastic rocks.
Because the rocks in WT-6 are distinctly atypical
of the majority of the volcanic units in the Yucca
Mountain area, these data were not used in model-
ing rock material properties in this study. Indeed,
the nature of the rocks changes profoundly
between drillholes G-2 and WT-6, and this discon-
tinuity has been used to define the northern limit of
the modeled area. Rocks to the north of this lati-
tude belong to a different geologic terrane, and
their properties should be modeled separately from
those to the south. Accordingly, data from this hole
are not presented in stratigraphic coordinates.
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Figure B-93.  Porosity data in true coordinates 
from drillhole WT-6 for the entire drillhole.
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Drillhole WT-7

Drillhole WT-7 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity. 
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Figure B-94.  Porosity data in true coordinates 
from drillhole WT-7 for the entire drillhole.
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Figure B-95.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in drillhole 
WT-7.
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Figure B-96.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in drillhole 
WT-7.
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Figure B-97.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP 
model unit in drillhole WT-7
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Drillhole WT-10 (Older Data)

Drillhole WT-10 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the earliest geophysi-
cal logs belong the older suite of petrophysical
data. The hole was relogged as part of site charac-
terization efforts, and there is also a full suite of
modern geophysical data. These data have been
converted to values of total and water-filled poros-
ity. 
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Figure B-98.  Porosity data in true coordinates 
from drillhole WT-10 for the entire drillhole.
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Figure B-99.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in drillhole 
WT-10.
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Figure B-100.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-10.
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Drillhole WT-10 (Modern Data)

Drillhole WT-10 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the earliest geophysi-
cal logs belong the older suite of petrophysical
data. The hole was relogged as part of site charac-
terization efforts, and there is also a full suite of
modern geophysical data. These data have been
converted to values of total and water-filled poros-
ity. 
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Figure B-101.  Porosity data in true coordinates 
from drillhole WT-10 for the entire drillhole using 
petrophysical data from the modern data set.
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Figure B-102.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole WT-10 using petrophysical data from the modern data set.
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Figure B-103.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-10 using petrophysical data from the modern data set.
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Drillhole WT-11

Drillhole WT-11 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the earliest geophysi-
cal logs belong the older suite of petrophysical
data. These data have been converted to values of
total and water-filled porosity.
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Figure B-104.  Porosity data in true coordinates 
from drillhole WT-11 for the entire drillhole.
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Figure B-105.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole WT-11.
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Figure B-106.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-11.
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Figure B-107.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP model 
unit in drillhole WT-11.
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Drillhole WT-12 (Older Data)

Drillhole WT-12 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the earliest geophysi-
cal logs belong the older suite of petrophysical
data. The hole was relogged as part of site charac-
terization efforts, and there is also a full suite of
modern geophysical data. The older data have been
used in the rock properties modeling effort in order
to provide greater consistency with other WT-
holes for which only older data are available.
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Figure B-108.  Porosity data in true coordinates 
from drillhole WT-12 for the entire drillhole.
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Figure B-109.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole WT-12.
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Figure B-110.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-12.
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Figure B-111.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP model 
unit in drillhole WT-12.
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Drillhole WT-12 (Modern Data)

Drillhole WT-12 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the earliest geophysi-
cal logs belong the older suite of petrophysical
data. The hole was relogged as part of site charac-
terization efforts, and there is also a full suite of
modern geophysical data. These data have been
converted to values of total and water-filled poros-
ity. The modern data were not used in the rock
properties modeling activity.
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Figure B-112.  Porosity data in true coordinates 
from drillhole WT-12 for the entire drillhole using 
petrophysical data from the modern data set.
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Figure B-113.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in drillhol
WT-12 using petrophysical data from the modern data set.
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Figure B-114.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-12 using petrophysical data from the modern data set.
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Figure B-115.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP model 
unit in drillhole WT-12 using petrophysical data from the modern data set.
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Drillhole WT-13

Drillhole WT-13 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the earliest geophysi-
cal logs belong the older suite of petrophysical
data. These data have been converted to values of
total and water-filled porosity. 
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Figure B-116.  Porosity data in true coordinates 
from drillhole WT-13 for the entire drillhole.



Appendix B:  Drillhole Porosity Data, Drillhole WT-13 273

True Coordinates

Porosity, fraction

0.0 0.2 0.4 0.6

D
ep

th
, i

n 
fe

et

0

100

200

300

400

Stratigraphic Coordinates

Porosity, fraction
0.0 0.2 0.4 0.6

S
tr

at
ig

ra
ph

ic
 D

ep
th

0

100

200

300

400

500

600

700

800

900

1000

Tptpll

Tptpln

Tptpv3

Tptpv2

Tac

Figure B-117.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit from 
drillhole WT-13.
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Figure B-118.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP model 
unit in drillhole WT-13.
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Drillhole WT-14

Drillhole WT-14 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity. 
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Figure B-119.  Porosity data in true coordinates 
from drillhole WT-14 for the entire drillhole.
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Figure B-120.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-14.
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Figure B-121.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP model 
unit in drillhole WT-14.
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Drillhole WT-15

Drillhole WT-15 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity.
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Figure B-122.  Porosity data in true coordinates 
from drillhole WT-15 for the entire drillhole.
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Figure B-123.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole WT-15.
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Figure B-124.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-15.
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Drillhole WT-16

Drillhole WT-16 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity. 
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Figure B-125.  Porosity data in true coordinates 
from drillhole WT-16 for the entire drillhole.
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Figure B-126.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole WT-16.
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Figure B-127.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-16.
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Figure B-128.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP model 
unit in drillhole WT-16.
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Drillhole WT-17

Drillhole WT-17 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity. 
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Figure B-129.  Porosity data in true coordinates 
from drillhole WT-17 for the entire drillhole.
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Figure B-130.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole WT-17.
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Figure B-131.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-17.
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Figure B-132.  Porosity data in real-world and in stratigraphic coordinates for the combined CH–PP model 
unit in drillhole WT-17.
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Drillhole WT-18

Drillhole WT-18 is one of an older series of
holes drilled to obtain hydrologic information prin-
cipally from the saturated zone at Yucca Mountain.
The hole was not cored, and the geophysical logs
belong the older suite of petrophysical data. These
data have been converted to values of total and
water-filled porosity. 
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Figure B-133.  Porosity data in true coordinates 
from drillhole WT-18 for the entire drillhole.
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Figure B-134.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole WT-18.
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Figure B-135.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-18.
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Figure B-136.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole WT-18.
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The UZN Series of Drillholes

Drillholes with a prefix of “UZN-” are part
of a series of neutron holes drilled to monitor near-
surface moisture contents as a function of precipi-
tation In general, the holes are quite shallow, typi-
cally less than 50 ft. However, a limited number of
neutron holes were drilled to depths of approxi-
mately 250 ft, and these provide important infor-
mation from the PTn and TSw model units. Only
laboratory core measurements are available for
these holes
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Figure B-137.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole UZN-11.
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Figure B-138.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole UZN-31. Note: stratigraphic coordinates for samples of the TSw model unit not shown because 
there are so few values; however, these data were used in modeling.
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Figure B-139.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole UZN-32. Note: stratigraphic coordinates for samples of the TSw model unit not shown because 
there are so few values; however, these data were used in modeling.
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Figure B-140.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole UZN-33.
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Figure B-141.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole UZN-34.
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Figure B-142.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole UZN-37. Note: stratigraphic coordinates for samples of the TSw model unit not shown because 
there are so few values; however, these data were used in modeling.
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Figure B-143.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole UZN-38.
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Figure B-144.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole UZN-53. Note: stratigraphic coordinates for samples of the TSw model unit not shown because 
there are so few values; however, these data were used in modeling.
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Figure B-145.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole UZN-54. Note: stratigraphic coordinates for samples of the TSw model unit not shown because 
there are so few values; however, these data were used in modeling.
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Figure B-146.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole UZN-55. Note: stratigraphic coordinates for samples of the TSw model unit not shown because 
there are so few values; however, these data were used in modeling.
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Figure B-147.  Porosity data in real world and in stratigraphic coordinates for the TSw model unit in 
drillhole UZN-57.
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Figure B-148.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole UZN-58.
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Figure B-149.  Porosity data in real-world and in stratigraphic coordinates for the TSw model unit in 
drillhole UZN-59.
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Figure B-150.  Porosity data in real-world and in stratigraphic coordinates for the PTn model unit in 
drillhole UZN-61.
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Introduction

One of the very distinctive features of the
Paintbrush Group ash-flow tuff deposits is the pres-
ence of major lithophysal zones in both the Tiva
Canyon and the Topopah Spring Tuffs (Lipman and
others, 1966). Lithophysae are mesoscopic cavities
that are formed by the escape of trapped air and
volcanic gasses and the exsolution of volatiles still
contained in the mass of hot glassy shards during
cooling and crystallization of an emplaced ash-
flow deposit (Ross and Smith, 1961; Cas and
Wright, 1987). If the internal pressure of gas
exceeds the lithostatic pressure of the overlying
deposits, the trapped gas will inflate actual cavities
(“bubbles”) that may vary in size from a few milli-
meters to nearly a meter in diameter. The margins
of such cavities are typically highly altered by the
magmatic gasses, and the cavities may be lined by
fibrous crystal aggregates indicating vapor-phase
mineralization into open spaces. Buesch and others
(1996; p. 12) present a detailed summary of the
occurrence of lithophysal zones at Yucca Moun-
tain.

It is clear that the formation of lithophysal
cavities requires a delicate balance between the
pressure of the inflating gas phase and that of the
overlying material within what may be a still-accu-
mulating pyroclastic deposit, combined with the
rate of cooling and accompanying increase in
mechanical strength of the deposit. In addition to
the prototypical spherically shaped lithophysal
cavity, lithophysae may be more elliptical in form,
almost invariably with the long axis of the ellipse
located roughly in the plane of flattening and weld-
ing of pumice clasts and relict shard structures.
These ellipsoidal lithophysae appear to represent
partially flattened (or incompletely inflated) gas
pockets. Indeed, our experience at Yucca Mountain
indicates that there is virtually a continuum of
shapes between spheres, ellipsoids, flattened just-
open partings, and solid veinlets of vapor-phase
minerals surrounded by an altered border. Some
exposures and drill holes at Yucca Mountain
clearly indicate a bimodal distribution of sizes,
with both mesoscopic (millimeters to a few centi-
meters) and megascopic (decimeter-plus) litho-
physal cavities (cavernous lithophysae of Buesch
and others, 1996), suggesting that conditions con-

ducive to the formation of lithophysae may have
occurred multiple times at a given location within
the deposit. Cas and Wright (p. 84) make reference
to broken lithophysae, which they interpret as evi-
dence of additional flowage of a mostly solidified
volcanic deposit after formation of the lithophysal
cavities. 

Given that lithophysae are early-formed
lithologic features formed within an evolving and
cooling ash-flow deposit, and that the requisite
conditions for their formation may appear and dis-
appear and reappear again at any particular loca-
tion within that deposit, it is evident that
lithophysae represent a type of early alteration, and
are not truly a primary stratigraphic feature of vol-
canic rocks. Because an ash-flow tuff is typically a
roughly tabular body with the “horizontal” dimen-
sions many times the “vertical,” it is also apparent
that the pressure–temperature (P–T) gradients
within such a deposit will be mostly vertical, with
regions of roughly equivalent pressure and temper-
ature aligned subparallel to the horizontal dimen-
sions. It seems likely that lithophysal zones
generally would be stratiform in nature, although
not necessarily stratabound by primary deposi-
tional surfaces on the finer scale. 

It is this alteration nature of lithophysae that
leads us to treat “lithophysal porosity” as a mate-
rial-property attribute, and not as a means of strati-
graphically subdividing a rock mass into a number
of layer-cake geological units. Figure C-2 presents
porosity cross section from drillhole WT-18 on the
north, through the repository block to drillhole
WT-12 on the south (see fig. C-1 for locations).
Each drillhole is represented by two curves: the
total or lithophysal porosity curve from downhole
petrophysical measurements (shown in red), and a
matrix or water-filled porosity curve developed
from either laboratory core measurements or
downhole petrophysical measurements if there are
no core data (shown in blue). In each case, the data
are portrayed in stratigraphic-depth coordinates,
scaled between zero and 1000 nominal feet. The
contacts and correlations shown by the lighter
weight lines are the formal lithostratigraphic unit
boundaries obtained from the YMP Stratigraphic
Compendium (Clayton, 1996) and based on the cri-
teria of Buesch and others (1996). 
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Casual examination of figure C-2 indicates
that there are intervals within each drill hole for
which the two curves plot very close together or are
virtually coincident, and intervals for which there
is a distinct separation of the two types of data.
Furthermore, it is relatively apparent that the inter-
val correlated across the top half of the cross sec-
tion (indicated as Tptrl and Tptpul on the figure,
using nomenclature of Buesch and others, 1996)
generally exhibits greater and more obviously con-
tinuous separation of the two porosity curves than
does the interval correlated across the lower half of
the figure (zone Tptpll). Indeed, the lower litho-
physal zone in several drill holes appears to lack
meaningful lithophysal porosity, as that term is
defined in this report, with the lithophysal porosity
data essentially plotting on top of the matrix/water-
filled porosity data. 

Note also, the heavy dotted correlation line
that marks the boundary between the crystal-poor
lower member of the Topopah Spring Tuff and the
overlying crystal-rich member. This contact pre-
sumably is a true “stratigraphic” contact, originat-
ing from a change in the composition of the magma
being erupted from high-silica rhyolite to lower-sil-
ica quartz latite in a compositionally zoned magma

chamber (Lipman and others, 1966). In the vicinity
of drillholes NRG-7, SD-9, and SD-12, the P–T
conditions conducive to formation of lithophysal
gas voids extended above this “depositional” con-
tact, whereas at the other drillhole locations, they
apparently did not.

In addition to the boundaries of the formally
named lithophysal zones shown on figure C-2, we
have indicated our interpretation of lithophysae-
bearing intervals for which the increase in porosity
is large enough to cause marked separation of the
matrix and lithophysal porosity curves. These
intervals are indicated by a heavy green bar on the
left-hand side of a drill hole porosity plot. These
interpreted intervals do not necessarily include all
rocks that contain small lithophysae and/or “litho-
physal-style alteration” typically expressed in core
as small circular to elliptical spots of white vapor-
phase alteration minerals. They simply reflect sep-
arations between the matrix and lithophysal poros-
ity curves that are, in our opinion, large enough to
suggest the presence of significant lithophysae.

Description of the Cross Section

Drillhole WT-18 — (Note: no core for this
hole) The anticipated lithophysae-bearing intervals
in drill hole WT-18 shown in figure C-2 as inferred
from separation of the matrix and lithophysal
porosity indicators from petrophysics correspond
fairly closely to the formally named lithophysal
zones. We classify the very bottom of the Tptpll
zone (beginning at a depth of ~900 nominal feet) as
potentially nonlithophysal because of the fairly
abrupt decrease in the blue matrix porosity curve at
this depth. Such shifts in matrix porosity can be
characteristic of lithophysal intervals because of
more intense vapor-phase alteration of the rock
matrix; see for example the lower lithophysal inter-
val of drillhole WT-1 and the shift in matrix poros-
ity in WT-18. Note also that in drillhole WT-18,
apparent lithophysae extend almost through the
entire lower portion of the formation in marked
contrast to the remaining holes shown on the fig-
ure.

Drillhole NRG-7 — (Note: partial core only
for this hole) Our inferred lithophysae-bearing
intervals correspond quite closely to the formally
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SD-9

SD-12
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SD-7

WT-1

WT-17

WT-12

LBL site-scale
computational

model

model domain 
from fig. 7

Figure C-1.  Index map showing location and 
identity of holes used in creating the porosity cross
section of Yucca Mountain.
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named lithophysal zones; note that the upper litho-
physae-bearing interval has been subdivided for-
mally into crystal-rich and crystal-poor intervals.
The top of the upper lithophysal interval is quite
well defined by an abrupt increase in the amount of
separation between the two petrophysical porosity
curves. Note also, the shift of the matrix porosity
curve toward higher values at this contact, presum-
ably reflecting more intense vapor-phase alteration
of the rock matrix exclusive of actual lithophysae.
The middle nonlithophysal zone, formally identi-
fied between stratigraphic depths of 400 and 500
nominal feet, is marked by several separations of
the two geophysical traces essentially equal to
those observed in the upper and lower lithophysal
zones. Although Buesch and others (1996)
describe the occurrence of a “lithophysae-bearing
subzone of the middle nonlithophysal zone,” it is
unclear what effect this subdivision has on the rock
material properties through this middle part of the
Topopah Spring Tuff in this drill hole. The litho-
physal porosity curve indicates that porosities
equal and exceed 20 percent in about half of the
“nonlithophysal” zone, a porosity fraction that
qualifies most of the lower lithophysal zone (Tpt-
pll).

Drillhole SD-9 — (Cored hole) Our inter-
preted lithophysae-bearing intervals are definitely
less extensive vertically than the formally named
lithophysal zones. Note that Engstrom and Raut-
man (1996) describe a fairly pronounced change in
character of the Tptpul zone at a depth of about 676
ft, which corresponds to the base of the upper
green bar in figure C-2 at a stratigraphic depth of
some 354 nominal feet. Above this depth, lithophy-
sae are described as most open, whereas below this
depth lithophysae are described as “closed.” The
lower lithophysal zone in this drillhole appears as a
sequence of alternating lithophysae-bearing and
non-lithophysae bearing intervals in the geologic
log of Engstrom and Rautman; however, the exist-
ence of extensive intervals of lost or rubblized core
through this interval makes interpretation difficult.
Isolated large lithophysal cavities are described in
the Tptpll zone from downhole video images. This
interpretation is consistent with the erratic short
intervals of curve separation that typifies the geo-
physical data traces below about 600 ft in strati-
graphic coordinates.

Drillhole SD-12 — (Cored hole) Our
inferred lithophysae-bearing interval in the upper
part of drillhole SD-12 corresponds almost exactly
to the formally named Tptrl and Tptpul zones. It
appears that the lower lithophysae-bearing interval
below a stratigraphic depth of about 480 nominal ft
may be less continuous than the formally named
lower lithophysal zone might imply. Similar to
drillhole SD-9, the impression is one of alternating
significant lithophysae-bearing intervals separated
by intervals of less-significant large number of
lithophysal cavities, potentially on the order of 10
nominal feet. This impression is confirmed by the
detailed geologic log of Rautman and Engstrom
(1996b). 

Drillhole WT-2 — (Note: no core for this
hole) The apparent lithophysae-bearing intervals in
this hole seem to coincide fairly closely with the
formally named lithophysal zones. We would
extend the interpretation of the top of the upper
lithophysal interval to a stratigraphic depth of
approximately 100 nominal ft in order to coincide
with the prominent increase in both the matrix and
lithophysal porosity curves at this depth. The
extent of the lower lithophysal interval appears to
be somewhat less than the formally described
depth of about 780 ft (in stratigraphic coordinates),
as the two porosity curves merge at a depth of
about 750 ft. Note, however, that both curves
decrease again at the formal contact.

Drillhole SD-7 — (Cored hole) A fairly
strong argument can be made for drillhole SD-7
that the intervals of significant lithophysae devel-
opment extend for quite some distance above and
below the formally named lithophysal zones. The
published detailed geologic log for this hole (Raut-
man and Engstrom, 1996a) clearly indicates that
lithophysae associated with the upper lithophysal
interval extend to a stratigraphic depth of about 330
ft (true depth: 682.5 ft). The published log also
indicates a sharp change in the lithophysal charac-
ter of the rock associated with the lower lithophy-
sae-bearing interval at a depth of 803.3 ft, which
corresponds to the sharp separation of the two
porosity curves at a stratigraphic depth of about
464 nominal ft. The extent of the lower lithophy-
sae-bearing interval in hole SD-7 is less clearly
indicated in the geologic log; however, the charac-
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ter of the petrophysical traces suggests the pres-
ence of unidentified large cavities to a stratigraphic
depth of nearly 780 nominal ft.

Drillhole WT-1 — (Note: no core for this
hole) Without core or detailed downhole video
descriptions, there is little that can be said regard-
ing this particular drillhole. However, our choices
of the depths for what we infer are the lithophysae-
bearing intervals are strongly influenced by the dis-
tinct breaks in the character of the matrix porosity
curve. Note that these inferred higher-matrix-
porosity/vapor-phase alteration intervals extend
above and below the formal limits of the Tptpul
zone, yet coincide fairly closely with the same lim-
its of the Tptpll zone.

Drillhole WT-17 — (Note: no core for this
hole) Something is clearly amiss with the formal
zonation of drillhole WT-17. In addition, it is not
clear that the hole can be subdivided into two rela-
tively discrete lithophysal zones, upper and lower.
The formally named upper lithophysal zone, that
part of the drill hole between 301 and 335 ft (strati-
graphic depths of 79–130 nominal ft), while
marked by separation of the lithophysal and matrix
porosity curves, does not really exhibit the “anom-
alous” separation and ragged character of the other
drill holes on the cross section. In contrast, the
“middle nonlithophysal zone” identified between
stratigraphic depths of 130 and 417 nominal feet
(true depth: 335–526 ft) is marked by much greater
separation between the two petrophysical porosity
curves and exhibits much of the character of a
lithophysae-bearing interval in, for example, drill-
hole SD-7 or WT-18. Only a part of the purported
“lower lithophysal zone” between stratigraphic
depths of 417–576 ft (true depth 526–632 ft) exhib-
its separation of the two porosity curves, and the
anomalously thick “lower nonlithophysal zone”
from 632 to 874 ft in the real world (576–938 ft in
stratigraphic coordinates) contains at least three
and possibly as many as five lithophysae-bearing
intervals. 

What appears to be happening is that to the
south of the Yucca Mountain area, which is the
more distal portion of the Topopah Spring Tuff out-
flow sheet, deposition by a modestly large number
of separate pyroclastic flows produced favorable

conditions for development of lithophysal cavities
at a number of different times. In effect, we are
most likely dealing with a composite cooling unit,
that cooled overall from magmatic temperatures to
ambient conditions as a package, but within which
the separate individual ash-flow deposits near (?)
their feather edges retained enough separate char-
acter to produce multiple lithophysal intervals
within the Topopah Spring Tuff as a whole. 

Drillhole WT-12 — (Note: no core for this
hole) The southernmost drill hole plotted on the
cross section of figure C-2 indicates a continuation
of what should be, by now, a familiar pattern of
separations between the matrix and lithophysal
porosity curves. We infer a relatively massive
upper lithophysae-bearing interval that extends
above the top of the formally named upper litho-
physal zone (Tptpul), and we have attempted to
interpret a number of thinner, less-well developed
lithophysae-bearing intervals within what is for-
mally described as the lower lithophysal zone (Tpt-
pll). The previously described pattern of higher
matrix porosities associated with the inferred litho-
physae-bearing intervals is weakly developed at the
top and base of the formal middle nonlithophysal
zone.

Concluding Remarks

Our examination of the material properties
data, specifically for porosity, from the available
drill holes at Yucca Mountain clearly indicates that
intervals of markedly higher “lithophysal” porosity
compared to the “matrix” porosity at a given depth,
and which are therefore inferred to represent inter-
vals of significant lithophysal cavity development,
are not restricted to the formally named lithophysal
zones identified by Clayton (1996, and references
therein). Furthermore, not all formally named
lithophysal zones exhibit any particularly pro-
nounced evidence of “lithophysal porosity,” identi-
fiable by systematic separation of the petrophysical
total porosity curve and the “matrix porosity” data
consisting of either core measurements or “water-
filled” porosity computed from petrophysics. 

For purposes of constructing simulated mod-
els of porosity, per se, we have elected to abandon
the use of such qualitatively and apparently ambig-
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uously defined terms as “lithophysal zones,” and to
work directly with the underlying material proper-
ties measurements. Assuming that the petrophysi-
cal logs and the computed porosity data developed
by Nelson (1996) and Thompson and Rael (1996)
have any validity as quantitative measures of the
pore space present in the rock mass surrounding a
drill hole, it appears that the so-called lithostrati-
graphic zonation of the Topopah Spring Tuff devel-
oped by Buesch and others is of limited value in
assisting material properties modeling. Although
the majority of the formally named lithophysal
zones do exhibit higher porosities than the majority
of the formally named nonlithophysal zones, the
drillhole plots shown in figure C-2 clearly demon-
strate that high porosity zones occur outside of the
supposed lithophysal zones and that intervals of
porosity typical of the nonlithophysal matrix are
extensive within these same zones. 

It appears that the mismatches between the
lithostratigraphic designation and the actual poros-
ity of the rock mass are much more common in the
lower part of the Topopah Spring Tuff than in the
upper part. This observation is consistent with the
interpretation that lithophysae-bearing intervals are
formed by inflation of gas “bubbles” and “pockets”
within a cooling pyroclastic flow deposit under
conditions when the pressure of the contained and
escaping gas slightly exceeds the lithostatic pres-
sure of the overlying deposit existing at one partic-
ular time. If the major outflow-sheet deposit of the
caldera eruptive sequence continues to accumulate,
it is highly likely that multiple lithophysal zones
may form and be partially to completely collapsed
and destroyed as time proceeds. It is thus very
likely that mesoscopic evidence of one-time
inflated lithophysal cavities may coexist with low-
porosity, re-flattened welded tuff.
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(Note: this page and the oversize plate that follows are single sided.)
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Motivation

During technical review of this report con-
siderable attention was directed to the fact that
reproduction of the input-model variograms by the
ensembles of simulated models appeared less than
exact; see for example figures 52, 53, 61, 62, 65,
66, 79, 80, 83, and 84. As has been discussed in the
text associated with these figures, as well as in the
earlier descriptive sections of the report, the analy-
sis of spatial correlation structure is frequently dif-
ficult for any number of reasons, and slavish
reproduction of an input variogram is not necessar-
ily the goal of geostatistical modeling. 

For example, an experimental variogram is
based upon a particular (finite) set of sample values
at a given set of physical locations. Had the same
number of samples been measured at slightly dif-
ferent locations, it is almost certain that the experi-
mental variogram computed for these hypothetical
alternative samples would be different in detail.
Also, as noted on page 90, some of the variograms
from the simulated porosity realizations do resem-
ble the original sample variograms more closely
than they do the modeled interpretation of those
sample variogram. Nevertheless, spurred by the
apparently consistent differences between the vari-
ograms of the simulated models and the input
model variogram, we have pursued an investigation
into the potential causes of these differences, as
described in this appendix.

Influence of the Normal-Score 
Transformation

Variogram computation and modeling were
conducted in “normal-score space” after transfor-
mation from the original porosity space by a quan-
tile-preserving transform, such as that illustrated in
figure 45. The modeled variograms then used as
input to the sequential Gaussian simulation process
thus describe the spatial continuity of normal-score
values, and indeed the simulation algorithm actu-
ally generates a set of spatially correlated normal
scores. These simulated random numbers are ulti-
mately back-transformed using the same quantile-
preserving inverse transform such that the output
numbers represent porosity values. 

It turns out that the standard SGSIM imple-
mentation of the sequential Gaussian simulation
algorithm (Deutsch and Journel, 1992) will per-
form the translation (in both directions) automati-
cally. The difficulty with this process is that in so
doing, the normal-score values themselves are dis-
carded after the back-transformation. The vario-
grams of the simulated models included in the
body of this report were, in fact, calculated in nor-
mal-score space, but as part of later post-process-
ing. This post-processing used a second
transformation step [a general univariate transfor-
mation algorithm, TRANS (Deutsch and Journel,
1992)] tied to the original normal-score transform
table computed by program NSCORE (Deutsch and
Journel, 1992) from the raw input porosity data.
This re-conversion to normal score space prior to
computing the check variograms induces “noise”
in the normal-score values, noise that appears in
the variograms as higher variability for a given sep-
aration distance.

The explanation of this induced noise is as
follows. The standard-normal distribution of mean
= zero and variance = 1 is monotonically increas-
ing when graphed in cumulative distribution func-
tion format; see figure D-1. However, a large set of
sample data measured with finite precision, such as
the porosity data used in this study, are not neces-
sarily continuously monotonically increasing in the
same manner, in that there inevitably are multiple
values of, say, 11.3-percent porosity (0.113). This
problem will increase in severity as the number of
sample data increase. Because the standard normal
function does not allow such “identical” values, the
transformation program (NSCORE) breaks “tied”
input values in an arbitrary random manner, which
results in a legitimate but unique standard-normally
distributed cumulative function for use in generat-
ing a simulated model. Unfortunately, once the
interim normal score simulated values are dis-
carded upon back-transformation, any reconversion
to normal score space will result in the identical
spatial distribution of normal-score values only
under extremely fortuitous conditions—function-
ally, never. 

Figures D-2 through D-3 present the results
of an experiment in which we have re-simulated
the four specific simulations of lithophysal poros-
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ity shown in the validation diagrams of figures 58–
62. Figure D-2 is identical to figure 62 of the text,
and it represents the results of the multiple-trans-
formation procedure described above. Figure D-3
shows the same variograms, only in this case the
variograms plotted represent the normal-score val-
ues generated directly by program SGSIM (using the
same random number seed) applied to directly to
the normal-score transformed porosity data them-
selves. No back-transformation and re-transforma-
tion is required under these circumstances. Figure
D-3 clearly indicates that the input model vario-
gram is reproduced much more closely for the un-
back-transformed normal-score values. The depar-
ture of the simulated values from the model shown
in part (a) of figure D-3 is attributed to the fact that
the vertical search during the simulation process
was restricted to a small fraction of the total verti-
cal separation. Note, however, that the match
between the four simulations and the input vario-
gram model is much improved over that shown in
part (a) of figure D-2.

Other Influences

Figure D-4 presents the results of two addi-
tional experiments involving re-simulation of sim-

ulation number 34 of lithophysal porosity in the
TSw model unit. Case 1 involves doubling the size
of the kriging matrix used during the estimation of
the local expectation of the spatially distributed
probability density function. In this case, the size
of the kriging matrix was increased from 12 to 24
values. The minimum number of measured data
values was kept at 2, and the estimation process
would allow no more than 8 previously simulated
grid nodes—double the previous value. The search
criteria also used a maximum of 12 data nodes.
Case 2 involved the maximum search distance used
to search for nearby data. In this case the search
distance was more than doubled to a maximum of
30,000 ft. The search was kept isotropic in the
stratigraphically horizontal plane, and a constant
vertical-to-horizontal anisotropy ratio was main-
tained as well.

Figure D-4 clearly indicates that the effect of
using a larger kriging matrix and more data (or data
plus previously simulated nodes) is the more sig-
nificant in improving the match of the simulated
models to the input variogram. That increasing the
search radius did not appear to improve variogram
reproduction is most likely attributable to the fact
as the simulation proceeded, the maximum number

Figure D-1.  (a) A standard-normal distribution in cumulative-distribution function format demonstrating the 
continuously monotonic increasing nature of this function. (b) A “real” porosity distribution in cumulative-
distribution function format illustrating the effect of multiple “identical” (finite-precision) measurements,
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of data allowed could be located quite nearby, thus
defeating the other benefits of the increased search

distance.

Figure D-2.  Variogram from four simulated models of lithophysal porosity in the TSw model unit compared 
to input model and original data where simulated values have been re-transformed from porosity to 
standard-normal space prior to calculation of variogram. (a) Stratigraphic vertical; (b) stratigraphic 
horizontal, azimuth = 0�; (c) stratigraphic horizontal, azimuth = 90�. Original search limits shown; identical 
to figure 62; compare to figure D-3.
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Summary Remarks

Because of the sequence in which the various
suites of simulated models were generated and
post-processed, it would appear that the poor repro-
duction of the input variogram, as described in the
body of this report, is an artifact related to post-
processing, and does not represent a problem with
the simulations themselves. Specifically, the trans-
formation of the measured porosity data to normal-
score space and back-transformation of the simu-
lated values for each simulation was conducted
within an internally consistent framework. As dem-
onstrated by figure D-3, the directly generated nor-
mal-score porosity values for a selected subset of

the total simulations described in this report repro-
duce their input variogram models quite closely
once freed of the confounding influence of multi-
ple transformation steps. We believe that this
increased exactitude is a general phenomenon, and
that had the interim normal-score porosity values
been retained, the variograms of the simulated
models could be demonstrated to reproduce their
input spatial continuity models as well. Because
there is no way short of rerunning all simulations to
recreate these interim values, we do not believe that
the increased certainty of statistical validation war-
rants the required effort and delay. 

Figure D-3.  Variogram from four simulated models of lithophysal porosity in the TSw model unit compared 
to input model and original data where simulated values have been kept in standard-normal space prior to 
calculation of variogram. (a) Stratigraphic vertical; (b) stratigraphic horizontal, azimuth = 0�; 
(c) stratigraphic horizontal, azimuth = 90�. Original search limits shown; compare to figure D-2
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Figure D-4.  Re-simulated normal-score models of 
lithophysal porosity showing influence of a larger 
kriging matrix and longer search radius during 
simulation. Vertical direction only; TSw model unit. 
Compare to parts (a) of figure D-2 and D-3.
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