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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATIONS

Multiply By To obtain
centimeter (cm) 0.3937 inch
degree Celsius (°C) (1) degree Fahrenheit
gram per cubic centimeter (g/cm3) 62.4220 pound per cubic foot
joule (J) 0.23884 calorie
joule per second per meter per °C (J/s/m/°C) 1.0 watt per meter per °C
kelvin (K) (2) degree Fahrenheit
kilogram (kg) 2.205 pound
kilometer (km) 0.6214 mile
square kilometer (km2) 0.3861 square mile
kilopascal (kPa) 0.1450 pound per square inch
liter (L) 0.2642 gallon
liter per second (L/s) 15.85 gallon per minute
megapascal (MPa) 145.037 pound per square inch
megapascal (MPa) 10.0 bar
meter (m) 3.281 foot
meter (of water head) (m) 1.43 pound per square inch
square meter (m2) 9.87x10°13 darcy
square meter (m2) 10.76 square foot
millijoule per second per meter squared (m)/s/m?) 1.0 milliwatt per meter squared
milliliter (mL) 0.03382 ounce, fluid
micrometer (Lm) 1.0x10°® meter
millimeter (mm) 0.03937 inch
nanometer (nm) 1.0x10°? meter
pascal (Pa) 1.45x10™ pound per square inch
standard liter per minute (slpm) 0.2642 gallon per minute

chmperaturc in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F= (1.8 x°C) + 32

2Temperature in kelvin (K) may be converted to degree Fahrenheit (°F) by using the following equation:

°F = 1.8xK-459.67

Nevada State Plane Coordinate System: Nevada State Plane Coordinates (in feet) are widely used
on the Yucca Mountain Project. These coordinates are for the central zone of Nevada, and are based
on a Transverse Mercator projection. The origin of this projection for the central zone of Nevada is
latitude 34°45°N., and the central meridian is at longitude 116°40’W. Metric conversions of Nevada
State Plane Coordinates are not the same as metric coordinates obtained using the 10,000-meter
Universal Transverse Mercator grid, Zone II.

Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD
of 1929)—a geodetic datum derived from a general adjustment of the first-order level nets of both
the United States and Canada, formerly called Sea Level Datum of 1929.

Altitude, as used in this report, refers to distance above or below sea level.
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Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (uS/cm at
25°C).

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L) or
micrograms per liter (ug/L).

NOTE TO USGS USERS: Use of hectare (ha) as an alternative name for square hectometer
(hm?) is restricted to the measurement of small land or water areas. Use of liter (L) as a special
name for cubic decimeter (dm?) is restricted to the measurement of liquids and gases. No prefix
other than milli should be used with liter. Metric ton (t) as a name for megagram (Mg) should be
restricted to commercial usage, and no prefixes should be used with it.
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Hydrogeology of the Unsaturated Zone, North Ramp
Area of the Exploratory Studies Facility, Yucca

Mountain, Nevada

Edited by Joseph P. Rousseau, Edward M. Kwicklis, and Daniel C. Gillies

Abstract

Yucca Mountain, in southern Nevada, is
being investigated by the U.S. Department of
Energy as a potential site for a repository for
high-level radioactive waste. This report docu-
ments the results of surface-based geologic,
pneumatic, hydrologic, and geochemical studies
conducted during 1992 to 1996 by the U.S.
Geological Survey in the vicinity of the North
Ramp of the Exploratory Studies Facility (ESF)
that are pertinent to understanding multiphase
fluid flow within the deep unsaturated zone.
Detailed stratigraphic and structural characteris-
tics of the study area provided the hydrogeologic
framework for these investigations.

Multiple lines of evidence indicate that gas
flow and liquid flow within the welded tuffs of the
unsaturated zone occur primarily through frac-
tures. Fracture densities are highest in the Tiva
Canyon welded (TCw) and Topopah Spring
welded (TSw) hydrogeologic units. Although
fracture density is much lower in the intervening
nonwelded and bedded tuffs of the Paintbrush
nonwelded hydrogeologic unit (PTn), pneumatic
and aqueous-phase isotopic evidence indicates
that substantial secondary permeability is present
locally in the PTn, especially in the vicinity of
faults. Borehole air-injection tests indicate that
bulk air-permeability ranges from 3.5x10"# to
5.4x107!! square meters for the welded tuffs and
from 1.2x1071 to 3.0x10712 square meters for the
nonwelded and bedded tuffs of the PTn. Analyses
of in-situ pneumatic-pressure data from moni-

tored boreholes produced estimates of bulk
permeability that were comparable to those deter-
mined from the air-injection tests. In many cases,
both sets of estimates are two to three orders of
magnitude larger than estimates based on labora-
tory analyses of unfractured core samples. The
in-situ pneumatic-pressure records also indicate
that the unsaturated-zone pneumatic system
consists of four subsystems that coincide with the
four major hydrogeologic units of the unsaturated
zone at Yucca Mountain. In descending order,
these hydrogeologic units are the Tiva Canyon
welded (TCw), Paintbrush nonwelded (PTn),
Topopah Spring welded (TSw), and Calico Hills
nonwelded (CHn).

Deep percolation takes place as episodic
pulses of inflow that propagate rapidly to depth
and apparently bypass most of the rock matrix.
Field-scale and core-scale water potentials
throughout much of the PTn and TSw are very
high, generally greater than —0.3 megapascals,
and are nearly depth invariant. Thus, the imbibi-
tion capacity of the densely welded tuffs, at least
near fractures, is very small because of low matrix
permeabilities and low water-potential gradients
across the fracture-matrix interface. The combi-
nation of high fracture permeability, high water
potentials, high matrix saturations, and low matrix
permeabilities results in a percolation environ-
ment that favors deep fracture flow. The episodic
pulses of inflow are evidenced in the sporadic but
nevertheless commonplace occurrence of water
with concentrations of radioactive isotopes indic-
ative of origins postdating the atmospheric testing
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of nuclear weapons. High concentrations of
tritium have been detected at many horizons
within the PTn and in the top of the TSw. Much
lower concentrations of tritium, indicating the
mixing of a bomb-pulse component with older
water, have been detected in the deeper sections
of the TSw and in the CHn.

Evidence for fracture flow also is apparent
in the widespread occurrence of perched water
with chemical and isotopic signatures that indi-
cate a fracture-flow origin for at least some of this
water. In the North Ramp area, perched water has
been detected at the base of the Topopah Spring
Tuff or in the top of the underlying nonwelded to
partially welded tuffs of the Calico Hills Forma-
tion in every dry-drilled borehole of sufficient
depth to penetrate the Topopah Spring Tuft-
Calico Hills Formation contact. The concentra-
tions of the major ions of the perched water are
similar to that of TSw pore water at borehole
UZ-14, CHn pore water, and saturated-zone water
at boreholes NRG-7a and SD-9. The absolute
chloride concentration of the perched water,
however, is much lower than the chloride concen-
tration of pore water from either the PTn or the
TSw. The chemical and isotopic compositions of
perched water indicate that this water was derived
primarily from fracture flow, with little or no
contribution from water in the matrix of the over-
lying rock. Carbon-14 ages of perched water
range from 3,000 to 7,000 years. Strontium-87
isotope ratios indicate dissolution of surficial
pedogenic calcite and calcite fracture fillings,
which supports a fracture-flow origin for perched
water. Moreover, carbon-13 and deuterium
isotope values indicate rapid infiltration into frac-
tures with little or no prior evaporation.

Evidence for deep fracture flow into the
Calico Hills Formation at UZ-14 is indicated by
carbon-14 values that are from 65 and 95 percent
modern carbon, equivalent to apparent ages of
about 3,500 to 500 years. Some of these ages are
younger than age estimates for perched water in
the overlying Topopah Spring Tuff and are much
younger than any that could be derived from a
matrix-flow model.

Evidence is lacking for extensive lateral
flow within the PTn or for interception and diver-
sion of this flow downward along structural path-
ways (faults), two key features of the original
conceptual model for unsaturated flow at Yucca
Mountain. Where data are available to infer
lateral flow in the PTn, it is not certain that frac-
ture flow could not have produced the same
results. Pneumatic data, derived primarily from
analysis of the interference effects from excava-
tion of the North Ramp tunnel, indicate that faults
within the Topopah Spring Tuff are open over
substantial distances and are very permeable.
Tunnel-boring-induced pneumatic disturbances
have been propagated along these faults over
distances that exceed 500 meters. These distur-
bances also have been detected in the pneumatic-
pressure record of the overlying PTn in the
vicinity of these faults. In spite of the apparent
high permeability of faults, the existing data have
neither confirmed nor refuted the hypothetical
role of these faults in intercepting lateral flow
from within or from above the PTn and diverting
this flow downward into the deeper subsurface.

On the basis of measured temperature
gradients within the TSw, deep percolation
appears to be greatest beneath active channels of
major drainages, diminishing toward the margins
and hillslopes bordering these channels. Numer-
ical simulations indicate that this downward
percolation is accompanied by lateral spreading
as the percolation front moves downward through
the PTn and across the contact between the PTn
and underlying TSw. Temperature data from a
well-documented site in Pagany Wash indicate the
presence of a significant heat-flow deficit between
the PTn and underlying TSw that most likely is
due to nonconductive heat-flow processes with
substantial capacity to extract heat. Percolation
fluxes on the order of 10 to 20 millimeters per
year beneath the Pagany Wash channel and on the
order of 5 millimeters per year or less beneath the
hillslopes bordering this drainage accounted for
the apparent heat-flow deficit. Analyses of
borehole temperature gradients in Drill Hole
Wash indicate similar percolation fluxes and flux
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distributions within that drainage. An analysis of
residence times estimated from uncorrected
carbon- 14 activities of perched-water samples and
estimates for the volume of the structurally
controlled reservoir, however, showed that the
perched-water reservoir intersected by borehole
UZ-14 under Drill Hole Wash could be sustained
by percolation fluxes through the TSw of as little
as 0.001 to 0.29 millimeter per year.

The significance and implications of these
findings with respect to waste isolation are
discussed in the appendix of this report.

INTRODUCTION

The predecessor of the Yucca Mountain Project
(YMP) began in 1977 when the U.S. Department of
Energy (DOE) began evaluating the feasibility of
disposing of radioactive waste in a geologic repository
in the vicinity of the Nevada Test Site (NTS) near
Mercury, Nevada, which is about 95 kilometers (km)
northwest of Las Vegas, Nevada. The U.S. Geological
Survey (USGS) was one of several agencies that
assisted DOE with these evaluations. After investi-
gating a number of sites in the vicinity of the NTS,
DOE decided to concentrate its investigations on the
volcanic tuffs of Yucca Mountain. In 1980, DOE
began a formal, structured analysis of Yucca Mountain
and in 1983 identified Yucca Mountain as a potentially
acceptable site for a geologic repository (U.S. Depart-
ment of Energy, 1995, chap. 1). The Nuclear Waste
Policy Act of 1982 established a national policy for
the disposal of highly radioactive waste, specifically
commercial-reactor, spent nuclear fuel, and defense
high-level waste. The act also created the Office of
Civilian Radioactive Waste Management (OCRWM)
within the DOE and assigned OCRWM the responsi-
bility for conducting evaluations of Yucca Mountain
and other candidate sites in the United States. After
the issuance of siting guidelines and an environmental
assessment, surface-based studies in accordance with
the act began at Yucca Mountain in 1986. Initially,
these studies consisted of nonsurface-disturbing
testing in existing exploratory boreholes and wells;
analyses of previously collected rock and water
samples; geophysical surveys; meteorological, hydro-
logic, and seismic monitoring; geologic mapping; and
sampling and testing of surficial materials. In 1987,

the Amendments to the Nuclear Waste Policy Act
designated Yucca Mountain as the only site to be
characterized to determine its suitability as a geologic
repository. In 1988, OCRWM issued the Site
Characterization Plan (SCP) for Yucca Mountain
(U.S. Department of Energy, 1988), which describes
detailed, site-specific investigations and evaluations to
assess the suitability of the Yucca Mountain site. The
SCP also describes the preliminary design of a poten-
tial repository located in the Topopah Spring Tuff in
the unsaturated zone at Yucca Mountain. In 1991, new
surface-disturbing activities began at Yucca Mountain,
including drilling of new exploratory boreholes for
geologic and hydrologic studies, excavation of
trenches for near-surface geologic studies, and prepa-
ration for excavation of the underground Exploratory
Studies Facility (ESF). After completion of the ESF
North Portal pad, the necessary surface facilities, and
the starter tunnel, excavation of the ESF North Ramp
began in late 1994 using a 7.6-m-diameter tunnel
boring machine (TBM).

Purpose and Scope

This report documents the results of surface-
based geologic, pneumatic, hydrologic, and geochem-
ical studies by the USGS in the vicinity of the ESF
North Ramp that are pertinent to the understanding of
multiphase fluid flow within the deep unsaturated
zone. These studies were conducted at the Yucca
Mountain site from about May 1992 to April 1996.
Shallow infiltration is not discussed in detail in this
report because the focus is on three major aspects of
the deep unsaturated-zone system: geologic frame-
work, the gaseous-phase system, and the aqueous-
phase system. However, because the relation between
shallow infiltration and deep percolation is important
to an overall understanding of the unsaturated-zone
flow system, a summary of infiltration studies
conducted to date at Yucca Mountain is provided in
the section titled Shallow Infiltration. This report
describes results of several SCP studies that were
ongoing at the time excavation of the ESF North Ramp
began and that continued as excavation proceeded.
These studies include the following:
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e Characterization of the Vertical and Lateral Distri-
bution of Stratigraphic Units Within the Site Area
(Study 8.3.1.4.2.1)

e Characterization of Structural Features Within the
Site Area (Study 8.3.1.4.2.2)

e Characterization of Percolation in the Unsaturated
Zone—Surface-Based Study (Study 8.3.1.2.2.3)

e Characterization of Gaseous-Phase Movement in
the Unsaturated Zone (Study 8.3.1.2.2.6)

* Hydrochemical Characterization of the Unsaturated
Zone (Study 8.3.1.2.2.7)

 Site Unsaturated-Zone Modeling and Synthesis
(Study 8.3.1.2.2.9)

Although all of these studies consist of site-character-
ization activities for the entire Yucca Mountain area,
this report documents only those results that are perti-
nent to the ESF North Ramp area.

As excavation of the ESF North Ramp began,
concerns were raised about the extent to which the
excavation itself might alter the ambient pneumatic
and hydrologic conditions in the unsaturated zone,
possibly making characterization of the natural system
difficult or impossible. As a result, USGS imple-
mented for the YMP a twofold approach to studies of
the North Ramp area: first, to characterize the natural
pneumatic, hydrologic, and geochemical conditions;
and second, to determine the effects of ESF excavation
on these conditions. This was accomplished by modi-
fying the strategies for implementation of several of
the studies listed above to ensure characterization of
pre-ESF excavation conditions. Specifically, the
methodologies for several of these studies were
adapted to exploration boreholes (North Ramp
Geology, or NRG boreholes) drilled primarily for
engineering purposes along the proposed alignment of
the ESF North Ramp prior to ESF excavation.
Although the same tests were not conducted in each of
the NRG boreholes, a wide variety of tests were
performed, including thermal-mechanical and hydro-
logic analyses of rock cores; borehole geophysics;
fracture logging; perched-water testing; air-perme-
ability testing; chemical analyses; and instrumentation
for monitoring pneumatic pressure, temperature, and
water potential. One of the Systematic Drilling (SD)
boreholes, although drilled primarily to determine

geologic and engineering properties for the repository
block, was adapted for pneumatic monitoring. Two
Unsaturated Zone (UZ) boreholes were instrumented
for pneumatic, temperature, and water-potential moni-
toring prior to completion of excavation of the ESF
North Ramp. Previously collected data from one UZ
borehole instrumented in 1983 were retrieved and
analyzed to corroborate observations made in bore-
holes instrumented recently.

The data obtained from the boreholes mentioned
above are the primary focus of the report, although
data from other sources are discussed. These data and
the results of analyses are described in detail in subse-
quent sections of this report.

Quality Assurance

Most of the data described and interpreted in
this report were collected in compliance with the
approved USGS, YMP quality-assurance (QA)
program and can be used in interpretations for site
characterization. However, some data cited and used
in the report were collected prior to implementation of
the approved USGS YMP QA program or were
collected by agencies other than the USGS; these data
are not qualified (non-Q). Generally, these non-Q data
are used as background information or to corroborate
findings and conclusions that are supported by data
that are fully qualified under the approved USGS
YMP QA program. The use of non-Q data generally
is intended to add scientific confidence to the findings
and conclusions in this report. Throughout the text of
this report, descriptions of the use of non-Q data are
provided, as well as explanations of the effect, if any,
of the use of the non-Q data on major findings and
conclusions.

Regional Hydrogeologic Setting of the
Yucca Mountain Area

Yucca Mountain is located in southern Nevada
(fig. 1) about 145 km northwest of Las Vegas within
the Basin and Range physiographic province
(Grayson, 1993). Basin and range physiography is
defined by the linear mountains and valleys of this area
that have a distinct north-to-northwest trend, reflecting
late Cenozoic structural characteristics. The valleys
are closed topographic basins, except for an area that
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drains to the Colorado River. The region ranges in
elevation from 86 m below sea level at Death Valley,
the lowest point in the United States, to about 3,600 m
above sea level. Elevations of basins generally are less
than 800 m above sea level, and the mountaintops
generally are above 2,400 m.

Within the Basin and Range physiographic
province, Yucca Mountain is in the topographic region
named for Death Valley (fig. 1), which is the largest
and most prominent desert basin in the province. The
Death Valley region is primarily within the northern
Mojave Desert but extends northward into the Great
Basin Desert. Under current climatic conditions, the
Death Valley region is in the rain shadow of the Sierra
Nevada, which are just west of the Yucca Mountain
region, resulting in a climate that is arid to semiarid.
Precipitation on the valley floors of the Amargosa
Desert, Death Valley, and basins at low elevations in
the southern part of the region averages less than
70 millimeters (mm) per year. Precipitation in the
mountains commonly ranges from 100 to 150 mm per
year, with annual precipitation as much as 500 to
750 mm in the Sheep Range just east of the Yucca
Mountain region and the Spring Mountains (fig. 1), the
highest mountains in the region (Bedinger and others,
1989). The mean-annual, free-water-surface evapora-
tion for the area ranges from 1,250 mm to more than
2,500 mm (Bedinger and others, 1989).

The Death Valley ground-water flow system
(fig. 1) is composed of several local systems, some of
which extend beneath the divides of one or more
closed topographic basins (Winograd and Thordarson,
1975). Within the ground-water systems, recharge
occurs at higher elevations by infiltration of precipita-
tion or by infiltration of ephemeral runoff. Discharge
occurs largely by spring flow and by evaporation and
transpiration in and near the playas in several interme-
diate areas that are geomorphically, stratigraphically,
and structurally controlled. Ultimately, some ground
water also discharges into Death Valley, but the flow
system is complex and involves both Proterozoic and
Paleozoic rocks. The deepest part of the system
consists of Late Proterozoic rocks and Paleozoic
carbonate aquifers that connect closed topographic
basins at depth.

The closed basin in which Yucca Mountain is
located was studied using a regional three-dimensional
ground-water flow model for predicting the effect of
climatic changes on regional hydrology and possible
waste migration from Yucca Mountain (D’ Agnese and

others, 1997). The modeled area (approximately
45,900 km?), referred to as the Death Valley regional
ground-water flow system (fig. 1), also was the subject
of a geostatistical analysis to estimate average annual
precipitation and recharge on a regional basis (Hevesi
and Flint, in press).

The Death Valley regional ground-water flow
system is underlain by extensive Paleozoic carbonate-
rock aquifers and associated confining beds, which,
collectively, account for most of the interbasin move-
ment of ground water in the region (Winograd and
Thordarson, 1975). Structural and lithologic controls
compartmentalize the ground-water flow in this unit,
which results in a very complex flow system.
Discharge from the regional system unit occurs in
Sarcobatus Flat, Amargosa Desert, and Pahrump
Valley, and ultimately in Death Valley (fig. 1). The
predominant direction of drainage for surface-water
and ground-water flow in the regional system is from
north to south because of a decrease in average topo-
graphic elevations from north to south in the southern
Basin and Range.

Regional Stratigraphic and Structural
Setting

Yucca Mountain is located within the southern
part of the Great Basin, midway between the Sierra
Nevada and the Colorado Plateau (fig. 1). Atits
southern terminus, the mountain forms a series of
north- to northeast-trending, low-lying ridges that rise
above the floor of the Amargosa Desert at an elevation
of about 800 m (fig. 1). The relief along these ridges
progressively increases northward for about 26 km to a
dissected summit area where, at about an elevation of
1,800 m, the mountain merges with an arcuate set of
ridges that form the southern part of a conspicuous
physiographic feature known as the Timber Mountain-
Oasis Valley Caldera complex (fig. 1).

Stratigraphy

Rocks within the Death Valley region range in
age from Late Proterozoic to Quaternary. Ata
regional scale, the bulk of the rock mass consists
predominantly of a thick sequence of middle to late
Miocene volcanic rocks that rest unconformably on
sedimentary and metasedimentary strata of Late Prot-
erozoic to Paleozoic age. The 600- to 300-million-
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year-old Late Proterozoic and Paleozoic rocks, best
exposed at highlands 8 to 24 km west, east, and south-
east of Yucca Mountain, chiefly consist of highly
deformed, carbonate and siliceous, clastic deposits
that probably formed a composite thickness of more
than 11 km prior to deformation. The rock sequence is
dominated by limestone, dolomite, shale, argillite, and
quartzite that can be divided into four basic hydrogeo-
logic units of regional significance: lower and upper
carbonate aquifers separated by lower and upper
clastic confining units (Winograd and Thordarson,
1975; Waddell and others, 1984).

Fluvial and lacustrine sedimentary rocks of
Oligocene to middle Miocene age probably covered
most of the upper Paleozoic sequence in the southern
Great Basin, and these rocks commonly form discon-
tinuous outcrops along the flanks of many of the domi-
nant mountain ranges. These rocks consist of
siltstone, algal limestone, claystone, sandstone, pyro-,
clastic flow and fall deposits, and conglomerate. Near
the southern edge of the Nevada Test Site (fig. 1),
these deposits reach a composite thickness of as much
as 1,100 m (Hinrichs, 1968). About 19 km east of
Yucca Mountain, these deposits, referred to as the
Pavits Spring and Horse Spring Formations, reach an
aggregate thickness of about 300 m (Sargent and
Stewart, 1971). These deposits have not been identi-
fied in any boreholes at Yucca Mountain, but based on
the observations east of Yucca Mountain, the possi-
bility of relatively thick Oligocene to middle Miocene
deposits directly beneath Yucca Mountain cannot be
ruled out.

In the general vicinity of the Nevada Test Site
(fig. 1), middle Miocene sedimentary deposits are
mostly overlain by a thick sequence of mostly
rhyolitic to quartz latitic lavas and pyroclastic deposits
that cover an extensive area of over 13,000 square
kilometers (kmz) (Byers and others, 1976), known as
the southern Nevada volcanic field. Most of the
volcanic deposits within this field issued from source
areas within an elliptical, 39-km? area composed of a
group of nested and overlapping cauldrons and
calderas, known as the Timber Mountain-Oasis Valley
caldera complex (fig. 1) (Byers and others, 1976),
which was active from 14 to 11.5 million years ago
(Sawyer and others, 1994). In the vicinity of Yucca
Mountain, situated directly south of the caldera
complex, geophysical evidence (Snyder and Carr,
1984) indicates that the Tertiary volcanic sequence
commonly varies in thickness from 1 to 3 km. From

older to younger, some of the regionally extensive
pyroclastic-flow sheets include the Lithic Ridge Tuff,
the Tram, Bullfrog, and Prow Pass Tuffs of the Crater
Flat Group, the Calico Hills Formation, and the
Topopah Spring and Tiva Canyon Tuffs of the Paint-
brush Group (Carr, Byers, and Orkild, 1986; Sawyer
and others, 1994; Buesch and others, 1996b). The
Topopah Spring and Tiva Canyon Tuffs, with esti-
mated volumes of 250 and 1,000 cubic kilometers
(km3), respectively (Byers and others, 1976), contain
thick welded and fractured interiors. From north to
south, these important pyroclastic flows of the Paint-
brush Group form wedge-shaped deposits that are
thickest beneath the central block of Yucca Mountain
but that thin significantly beneath the Amargosa
Desert (fig. 1; Spengler and Fox, 1989).

Structure

Late Proterozoic and Paleozoic rocks have been
faulted and folded during several Mesozoic episodes
of compressional deformation. These deformed rocks
are part of the Sevier orogenic belt, a 50-km-wide
structural zone that extends over much of the southern
Great Basin. North- to northeast-trending thrust faults
and folds, characteristic structural features within this
zone, are extensively exposed to the south in the
Spring Mountains and to the north of the Amargosa
Range (fig. 1; Burchfiel and others, 1974). Discontin-
uous remnants of this thrust system also are exposed
14 km west and east of Yucca Mountain. At these
exposures, carbonate rocks of Devonian, Silurian, and
Ordovician age (rocks of the upper carbonate aquifer)
have been thrust over younger rocks of Permian, Penn-
sylvanian, and Mississippian age (rocks of the upper
clastic confining unit) and have been eroded, leaving
isolated remnants, or klippen (Carr and Monson, 1988;
Carr, 1984). Some investigators have speculated that
the same structural relation may exist directly beneath
Yucca Mountain (Fox and others, 1990). Alternative
structural models portray the Paleozoic strata under-
lying much of the Nevada Test Site as an 80-km-wide
synclinoral basin, enclosed by uplifted clastic rocks of
Late Proterozoic age along the flanks with Permian
and Pennsylvanian carbonate rocks forming the core
(Robinson, 1985). It has been conceptualized that
within this synclinoral basin, north- to northeast-
trending, concentric, open subordinate folds, several
of which lie beneath the Yucca Mountain region,
plunge northward, which is consistent with the config-
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uration of the top of the Paleozoic surface (Snyder and
Carr, 1984). Only one borehole (UE-25 p#1) pene-
trates Paleozoic strata along eastern Yucca Mountain
(fig. 2). Here, northward-dipping Silurian carbonate
rocks were penetrated at a depth of about 1,240 m
(Carr, Waddell, and others, 1986). Speculations that
the upper Paleozoic sequence beneath much of the
Yucca Mountain site area forms the axis of a north-
east-plunging syncline (Robinson, 1985) or that rocks
of the lower carbonate aquifer form the upper plate of
a thrust fault overlying rocks of the upper clastic
confining unit (Fox and others, 1990) remain as two of
the leading hypotheses for the configuration of the
Paleozoic strata.

Cenozoic tectonism of the southern Great Basin
is evident in the existence of three dominant but varied
styles of crustal extension: (1) block-bounding planar-
rotational faults, (2) strike-slip faults, and (3) low-
angle detachment faults. Evidence of all three styles
of extension are recorded within the middle to late
Miocene volcanic and volcaniclastic rocks of the
southern Nevada volcanic field, and specifically within
the Yucca Mountain region (Carr, 1984; Fox and Carr,
1989).

The most conspicuous physiographic and struc-
tural feature of the southern Great Basin is the north-
to northeast alignment of east- to southeast-tilted
ranges, forming an alternating pattern of horsts and
grabens. These ranges are bounded by north- to north-
east-trending range-front faults that produce a pattern
similar to that of a tilted stack of dominoes. This
regional structural pattern also is manifested at smaller
scales such as in the Yucca Mountain region, where a
series of 0.8- to 4.0-km-wide, east-tilted structural
blocks are bounded by north-trending faults planes
and show evidence of dip slip and oblique slip.

The southern Nevada volcanic field is between
the Las Vegas Valley Shear Zone to the southeast and
the Walker Lane to the northwest. These two major
northwest-trending shear zones include northwest-
trending right-lateral faults, northeast-trending left-
lateral strike-slip faults, and oroflexural bending that
indicate major right-lateral displacement. Although
the shear zones extend over a combined distance of
more than 640 km and project into the region of the
Nevada Test Site (fig. 1), no conspicuous through-
going fault or geophysical expression has been found
that links the two zones. However, there are several
pieces of indirect evidence in the vicinity of Yucca
Mountain that indicate that the two shear zones may

be linked. These include (1) a set of widely distributed
northwest-trending strike-slip faults of relatively short
trace lengths (Carr, 1984), such as those occupied by
the washes north of Drill Hole Wash within the central
block of Yucca Mountain (fig. 2); (2) the northwest-
ward alignment of calderas in the southern Nevada
volcanic field (Christiansen and others, 1965); and
(3) the 30-degree clockwise axial rotation of paleo-
magnetic poles of the Tiva Canyon Tuff (Scott and
Rosenbaum, 1986). These features commonly are
cited as indirect evidence of the existence of a strike-
slip shear regime concealed beneath a thick cover of
Tertiary volcanic rocks.

Low-angle extensional faults are exposed north-
west and southeast of the Yucca Mountain region near
Beatty, Nevada, and near the southeastern edge of the
Nevada Test Site (fig. 1). At these localities, middle to
late Miocene volcanic rocks are in fault contact with
the underlying upper surface of Paleozoic rocks. A
detachment fault along the northern extent of Bare
Mountain, near Beatty, separates Miocene volcanic
rocks from Paleozoic rocks and dips northward by 25
to 40 degrees beneath the alluvial cover (Carr and
Monson, 1988). Block-bounding faults at Yucca
Mountain have been postulated to be listric normal
faults that flatten and merge at depth into a low-angle
fault or faults near the top of or within the Paleozoic
rocks (Fox and Carr, 1989). This hypothesis is not
supported by recently acquired and interpreted
regional seismic-reflection profiles across Yucca
Mountain that appear to image a west-side-down,
stair-step pattern at the top of the Paleozoic rocks and
several deep, high-angle reflectors (interpreted as
faults) within the Paleozoic section (Brocher and
others, 1996). Neither interpretation implies a smooth
curvilinear surface that flattens with depth (Brocher
and others, 1996).

Local Hydrogeologic Setting of Yucca
Mountain

The local hydrogeologic setting of Yucca Moun-
tain is a direct result of the climate and geologic
history of the northern Mojave Desert. The outcome is
a hydrogeologic system consisting of a 500- to
750-m-thick unsaturated zone overlying a relatively
flat regional water table in the vicinity of the central
block of Yucca Mountain. The regional water table is
not well defined by the potentiometric measurements
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to the north and west of the central block, where
distinctions between the water table (which may or
may not be unconfined) and potential perched-water
reservoirs are not yet clear. Several maps of the poten-
tiometric surface have been developed for Yucca
Mountain (Robison, 1984; Wittwer and others, 1992;
Ervin and others, 1994; Tucci and Burkhardt, 1995),
but a common feature shared by each map is that the
potentiometric surface (hereinafter referred to as the
water table) transects several structural blocks and
numerous lithostratigraphic units. The Topopah
Spring Tuff, the Calico Hills Formation, and the Prow
Pass and Bullfrog Tuffs are present locally at the water
table. (See section titled Variations in Rock Types
Within the Unsaturated Zone.)

Climate and Precipitation

Yucca Mountain has an arid climate with an
average annual precipitation of about 165 mm (Hevesi
and Flint, in press), ranging from 130 mm for the
southern part of the mountain to 250 mm for the
higher elevations in the northern part. These values
are non-Q because of their dependence on regional
precipitation data that were collected outside of the
YMP. Summer precipitation results primarily from
localized convective storms that develop during
monsoonal weather periods (French, 1983; Houghton,
1969). Most of the water from summer storms is lost
to evapotranspiration within a week unless a storm is
intense enough to produce runoff or unless subsequent
storms provide additional water for deep infiltation.
Local thunderstorms can result in runoff in one wash
while an adjacent wash receives little or no rain.
Winter precipitation primarily results from frontal
systems moving inland from the Pacific Ocean and
occurs as snow or rain. Evapotranspiration is low
during the winter, and water from less intense storms
or slowly melting snow may infiltrate deeper into the
subsurface than during the summer.

Geomorphology and Surficial Features

Physiographic elements of the Yucca Mountain
area (fig. 2) can be divided into (1) ridges and valleys
of Yucca Mountain, (2) piedmont slopes surrounding
Yucca Mountain on the south and east, (3) Fortymile
Wash east of Yucca Mountain, and (4) the broad allu-
vial flats, Crater Flat and Jackass Flats, to the west and
east of Yucca Mountain, respectively (U.S. Geological

Survey, 1984). The topographic features of Yucca
Mountain result from the interaction of tectonic and
geomorphic processes. The topography is controlled
primarily by the high-angle, westward-dipping faults
and the eastward tilt of the resistant volcanic strata.
The surface has been shaped by erosional processes on
the eastward-sloping ridge of the mountain and along
faults and fault scarps (fig. 2) that have created a series
of washes that are downcut to varying degrees into
different bedrock layers. Slopes are locally steep on
the west-facing escarpments eroded along the faults
and in some of the valleys that cut into the more
gentle, eastward-facing dip slopes. Narrow valleys
and ravines are cut in bedrock; wider valleys are
covered by alluvial deposits with terraces cut by inter-
mittent streams. Locally, small sandy fans extend
down the lower slopes and spread out on the valley
floors. East of the crest of Yucca Mountain, drainage
is into Fortymile Wash; west of the crest, streams flow
southwestward down fault-controlled canyons and
discharge into Crater Flat (fig. 2). The mountain
comprises two distinct geomorphic regimes, one south
and one north of Drill Hole Wash. The washes in the
southern area trend eastward, are relatively short (less
than 2 km), and have erosional channels with gently
sloping sides. The washes north of Drill Hole Wash,
such as Sever Wash and Yucca Wash, are northwest
trending, are 3 to 4 km long, and because they are
controlled by fault features, have steeper sideslopes.

Alluvial deposits, consisting of fluvial sedi-
ments and debris flows, are present in the valley floors
and washes. These deposits have varying degrees of
soil development and thickness and have a gravelly
texture with rock fragments constituting between 20
and 80 percent of the total volume. The alluvial
deposits range from 100 m thick in Midway Valley
(fig. 2) to less than 30 m thick in the mouths of the
smaller washes. In the middle of the washes, most
alluvial fill (soils) is less than 15 m thick. Many of
these soils contain cemented calcium carbonate layers.
More stable surfaces, generally on the flat upland
ridges, have developed soils 0.5 to 2.0 m thick with
greater clay contents.

Shallow Infiltration

Flint and Flint (1995) described four general
topographic zones at Yucca Mountain that are impor-
tant for examination of infiltration processes and
mechanisms: ridgetops, sideslopes, terraces, and
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channels. At Yucca Mountain, ridgetops make

up about 14 percent of the total area, sideslopes

62 percent, terraces 22 percent, and active channels

2 percent. Ridgetops generally are flat to gently
sloping with thin (less than 0.5 m) to no soil and are
relatively stable morphologically. Although thin,
ridgetop soils are fairly well developed, and thin
calcium carbonate layers are common. Soils are
somewhat thicker in small, ephemeral channels that
have developed on the ridgetops. Bedrock on the
ridgetops is moderately to densely welded (Flint and
others, 1996) and moderately to highly fractured.
Vegetation consists of well-established, relatively
shallow-rooted, blackbrush/desert thorn associations
(O'Farrell and Collins, 1984). The slope and elevation
on ridgetops are conducive to retaining snowfall in the
winter for several weeks at a time. When the snow
melts, concentrated surface runoff occurs at times in
the ridgetop channels.

Because of the difficulty of drilling boreholes on
steep sideslopes, field data are collected only from
sites on the lower sideslopes of washes. Sideslopes
are distinguished from terraces and channels by depth
of soils and by slope. Soil cover is thin (less than
0.5 m) in most locations, and exposed bedrock, which
is densely welded and highly fractured, constitutes
approximately 10 percent of the area. The sideslopes
are approximately north- or south-facing in the
southern section of the site and; therefore, have
different seasonal solar-radiation loads. In the
northern washes, where sideslopes generally face
southwest and northeast, the steepness of the slopes
accentuates the seasonal radiation differences. In
some locations, side channels concentrate runoff
water.

Terraces and channels are located at lower
elevations in the main washes, with thin soil cover in
the upper parts of the washes and thicker soils farther
down. The mean thickness of soil is 7.2 m and 7.9 m
for channels and terraces, respectively (Flint and Flint,
1995). Very little bedrock is exposed in the washes.
Although present to varying degrees in the soils,
calcium carbonate cementation is quite extensive. The
porosity of the soil ranges from 0.15 to 0.5 with an
average of about 0.3. The surfaces of terraces and
channels are relatively flat and are dissected by active
as well as old, abandoned alluvial channels. Channels
differ from terraces in that they are subject to periodic
runoff during extreme precipitation events. Terraces
generally are well vegetated with deeply rooted creo-

sote and other smaller plants. Channels occupy a very
small percentage of the area of the washes and are
more sparsely vegetated than the terraces.

All four of the topographic zones are present in
the vicinity of the ESF North Ramp and have signifi-
cant effect on the distribution of shallow infiltration.

Using a soil-physics approach, Flint and Flint
(1994) calculated steady-state net infiltration solely on
the basis of the relative permeability calculated from
the measured saturation of the rock matrix underlying
the alluvium, and excluding any flow due to fractures.
The analysis assumed that water movement was down-
ward from the depth below which seasonal fluctua-
tions in water content could no longer be observed in
boreholes. Areally averaged, the infiltration rate over
Yucca Mountain was estimated to be 1.5 mm per year.
In the vicinity of the ESF North Ramp, net infiltration
in the matrix, excluding any flow in the fractures, was
estimated to range from 0.02 mm per year in welded
tuffs under alluvium to 13.4 mm per year in the upper
channels of Drill Hole Wash, where high-porosity
bedrock is exposed in channels. The relatively high
estimated infiltration for this area is consistent with
several observations: greater precipitation (as well as
more winter snow) to the north, steeper slopes that
result in lower radiation loads and evapotranspiration,
and downcutting of the main wash into higher porosity
rocks, which are thicker to the north of the potential
repository area.

More recent studies of infiltration at Yucca
Mountain (D.B. Hudson and A.L. Flint, U.S. Geolog-
ical Survey, unpub. data, 1996), based on precipitation,
alluvial depth, and measurements of water-content
changes in shallow boreholes during the last 9 years,
indicate that thickness of alluvium has a substantial
effect on shallow infiltration under any rainfall condi-
tions. This analysis indicates that shallow infiltration
in the Drill Hole Wash channel is low because most of
the high-porosity bedrock is covered with alluvium.
Further, net infiltration is greatest on the sideslopes
and ridgetops where there is little or no alluvium. The
influence of the thickness of alluvium on changes in
volumetric water content with time is illustrated in
figure 3 (from Flint and Flint, 1995) by moisture
profiles for two boreholes during the winter of 1994—
95. Moisture pulses penetrated to below 10 m where
the alluvium is thin (N36), whereas moisture did not
penetrate below 3 m where the alluvium is thicker
(N37). Given that the same volume of precipitation
fell at each borehole location, the high storage
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capacity of the soils at N37 resulted in the water being
held within the shallow, soil root zone, where it was
moved subsequently back into the atmosphere by
evapotranspiration. At N36, where the alluvium is
thin and the bedrock is fractured, water infiltrated
rapidly to the alluvium-bedrock interface, producing
sufficiently high water potentials to initiate flow into
the fractures. Having entered the fractures in the
bedrock, the water infiltrated rapidly enough and to
sufficient depth that it was not returned to the atmo-
sphere by evapotranspiration and thus became net
infiltration. At both locations, the subsurface became
significantly wetter in late January and March in
response to major rainfall events and then dried out
over the next 6 months.

Estimates of shallow infiltration along the trace
of the ESF North Ramp (D.B. Hudson and A.L. Flint,
unpub. data, 1996) are shown in figure 4. The range in
infiltration rates from O to 25 mm/yr reflects the effects
of topography and geomorphic position, which incor-
porates washes with thick alluvium and ridges with
thin alluvium. These estimates are non-Q because of
their dependence on regional precipitation data that
were collected outside of the YMP. The estimates
may be high because they are based on a data set that
includes two of the wettest winters in the last 40 years
of record. The winter season of 1995 was the wettest

in 40 years of record with about 250 mm of precipita-
tion between January and March. A study currently
(1996) underway will attempt to normalize the infiltra-
tion rates discussed above over the longer term
climatic record, as well as to refine the error analysis
for the data set used.

Exploratory Studies Facility North Ramp
Study Area

The ESF North Ramp study area is the area
around the North Ramp of the ESF tunnel, which
generally follows Drill Hole Wash (fig. 5). Drill Hole
Wash is the boundary between the area of east-west-
oriented washes to the south and the area of northwest-
trending, fault-controlled washes to the north.

Most of the hydrologic data described and inter-
preted in this report were collected in boreholes
(fig. 5) drilled for the YMP. All hydrologic data avail-
able from boreholes in the North Ramp area are listed
in table 1, including the QA status of the data.
[Geologic data from additional boreholes were used
to construct and evaluate a three-dimensional litho-
stratigraphic model of the central block of Yucca
Mountain (see section titled Evaluation of the Three-
Dimensional Lithostratigraphic Model of the Central
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Figure 4. Estimates of shallow infiltration along the trace of the North Ramp of the Exploratory Studies Facility.
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Table 1. Borehole data for the North Ramp study area at Yucca Mountain

[Borehole elevation, depth, and quality-assurance status are from Buesch, Nelson, and others (1996a). Core analysis: H, hydrologic properties; TM,

thermal-mechanical properties; P, permeability; R, moisture retention. Borehole geophysics: PN, PH. Nelson, U.S. Geological Survey (written

commun., 1996; Nelson and others, 1991); BT, B. Thompson, Science Applications International Corporation (written commun., 1996). Field water
analysis: SZ, saturated zone pumping or depth measurements; PW, perched-water testing; NH, neutron-moisture measurements. Air permeability:
number of test intervals. Fracture log: B, borehole log; C, core log. Chemistry analysis: W, water analysis; G, gas analysis. Borehole instrumenta-

tion: number of measurement locations. Non-Q status is indicated by bold]

i Bore-
Borehole Elevation Depth iy Br:):: Vl\:llaetI:r Alr Frac- Glfsl:'l;l hala

number (meters) (meters) a“?" geo- anal- perme- Gire anal ntrus

ysis i 3 abilty log 3 ment-

physics ysis ysis ability
USW G-1 1,3254 1,828.7 H PN Sz -- C - -
USW G-4 1,270.0 914.7 H PN Sz 5 B,C - -
USW H-1 1,302.8 1,828.7 ’H PN sz - - - -
USW H-5 1,478.5 1,219.1 PN SZ -- - - -
UE-25 NRG#2A 1,152.3 81.0 ™ BT - -- C - -
UE-25 NRG#4 1,249.4 221.3 ™ BT - - C - 37
UE-25 NRG#5 1,251.5 411.5 ™ BT - - C -- 14
USW NRG-6 1,247.2 335.3 H, TM BT - 38 € G W 10
USW NRG-7a 1,282.2 461.3 H, ™ BT PW 60 C G, W 8
UE-25 UZ#4 1,200.4 111.7 H,P - - - B w 11
UE-25 UZ#5 1,204.4 110.6 H,P -- - -- B w 12
USW UZ-1 1,349.0 387.1 -- PN PW - B G, W 15
USW UZ-14 1,349.0 677.8 H,P,R BT SZ, PW - C w -
USW UZ-N27 1,481.1 61.7 H,P R -- NH - - - -
USW UZ-N33 1,320.2 22.9 H -- NH -- - - -
USW UZ-N34 1,318.0 25.6 H -- NH - - - -
USW UZ-N36 1,414.8 18.2 H -- NH - - - --
USW UZ-N37 1,256.9 82.7 H - NH -- - -- --
USW UZ-N38 1,264.5 27.2 H - NH - - -- -
UE-25 WT#18 1,335.9 622.7 - PN Sz - B -- --
UE-25 WT#4 1,167.1 481.6 - PN SZ - B -- -
UE-25 a#1 1,198.7 762.1 H, P PN - - C -- -
UE-25 a#4 1,249.8 1524 H, P PN - - -- - -
UE-25 a#5 1,236.5 148.4 H, P PN -- - -- - -
UE-25 a#6 1,235.3 1524 H,P PN - - - - -
UE-25 a#7 1,220.7 305.4 H,P PN - - - -- -
USW SD-9 1,302.2 677.6 H,P,R BT SZ, PW - c w 2

| Anderson (1994).
2Rush and others (1984).

2 Nye County borehole; Multimedia Environmental Technology,

Block of Yucca Mountain)]. The locations of the
boreholes used for the lithostratigraphic model are
shown in figure 6. In the Yucca Mountain area, bore-
holes west of the NTS have designations with a prefix
of USW and a hyphen (-) in the number. Boreholes
within the NTS have a prefix of UE-25 and a pound
sign (#) in the number. Although complete borehole
designations are provided in table 1, for brevity the

Inc. (1995).

prefixes generally are not used in the remainder of this

report

The YMP developed a system for designating
locations within the ESF tunnel that is based on the
linear distance (in meters) from the portal of the North

Ramp. The digits preceding the (+) sign indicate

hundreds of meters, whereas the digits following the
(+) sign indicate tens and single meters. For example,
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ESF station 10+25 is 1,025 m from the North Ramp
portal and station 19+01 is 1,901 m from the portal.
This system is used in this report to identify the loca-
tion of various geologic, structural, and hydrogeologic
features within the ESF North Ramp study area.

GEOLOGIC FRAMEWORK OF THE
NORTH RAMP AREA OF THE
EXPLORATORY STUDIES FACILITY,
YUCCA MOUNTAIN

Yucca Mountain is underlain by a thick
sequence of Miocene volcanic rocks and localized
Quaternary to Pliocene(?) alluvial deposits (Scott and
Bonk, 1984) and is broken into several east-tilted
structural blocks that are bounded by north-trending
normal faults (Frizzell and Shulters, 1990; Scott,
1990). The central structural block of Yucca Moun-
tain is bounded by the Solitario Canyon and Bow
Ridge Faults on the west and east, respectively (fig. 6).
The geologic framework of a 33-km“ area at Yucca
Mountain is described in detail in a three-dimensional
lithostratigraphic model referred to as YMP.R2.0
(Buesch, Nelson, and others, 1996). A primary
purpose for the development of the lithostratigraphic
model was to provide a geologic framework for the
development of a flow model of the unsaturated zone.
Therefore, the preliminary site-scale unsaturated-zone
flow model (Wittwer and others, 1995), which covers a
nearly identical area of 34 km?, used the lithostrati-
graphic framework described in the YMP.R2.0 model.
The area of these two models consists of the central
block of Yucca Mountain, bounded on the north by
Yucca Wash and on the south by an east-west line near
borehole G-3 (fig. 6).

Variations in lithostratigraphy and orientation of
the layered Miocene volcanic sequence at Yucca
Mountain are a direct result of the initial processes of
eruption and deposition with cooling and crystalliza-
tion in some ignimbrites and lava flows, and post-
depositional processes of alteration and tectonics.
Knowledge of these processes and the resultant distri-
bution of volcanic rock types are not only critical to
the development of a reliable lithostratigraphic frame-
work (Buesch, Nelson, and others, 1996) but also
to the understanding of variations in the distribution
of hydrologic and pneumatic properties in the
unsaturated zone near the ESF at Yucca Mountain.
Lithostratigraphic units are based on depositional,

GEOLOGIC FRAMEWORK OF THE NORTH RAMP AREA OF THE EXPLORATORY STUDIES FACILITY, YUCCA MOUNTAIN

welding, crystallization, alteration, and fracture char-
acteristics (Buesch, Spengler, and others, 1996), and
many hydrogeologic properties correlate with many of
these lithostratigraphic features. Boundaries that sepa-
rate fundamental variations in hydrologic properties
and define the four major bedrock hydrogeologic units
of the unsaturated zone (Montazer and Wilson, 1984)
match those of mappable and laterally continuous
lithostratigraphic units (Buesch, Spengler, and others,
1996; see section of this report titled Physical and
Hydrologic Properties Determined from Analysis of
Rock Cores). Use of these lithostratigraphic, hydro-
geologic, and pneumatic relations may allow confident
prediction of hydrologic properties in poorly sampled
areas of the central block.

The North Ramp of the ESF transects the central
structural block of Yucca Mountain to the north of
Drill Hole Wash where northwest-trending washes and
faults are the dominant physiographic surface and
structural features (figs. 2 and 6). These northwest-
trending strike-slip faults have variable amounts of
strike-slip separation, but dip-slip separation is typi-
cally less than a few meters (Scott and Bonk, 1984;
Buesch, Nelson, and others, 1996). Near the Bow
Ridge Fault, the eastern margin of the central block
has numerous north-trending dip-slip faults with sepa-
rations typically less than 10 m (Scott and Bonk, 1984;
Buesch, Dickerson, and others, 1994; Buesch, Nelson,
and others, 1996). In marked contrast, the central
block to the south of Drill Hole Wash is characterized
by numerous east-trending washes and north-trending
faults (figs. 2 and 6). Several of these north-trending
faults have dip-slip separations greater than 15 m
(Scott and Bonk, 1984; W.C. Day, U.S. Geological
Survey, written commun., 1995; Buesch, Nelson, and
others, 1996).

Stratigraphic Framework of the North
Ramp Area of the Exploratory Studies
Facility, Yucca Mountain

The stratigraphic framework of the area of the
current site-scale unsaturated zone flow model
(Wittwer and others, 1995), from top to bottom,
consists of Quaternary alluvial deposits (Lundstrom
and others, in press) that discontinuously overlie
11.4- to 13.4-million-year-old formations of the
Timber Mountain (Tm) and Paintbrush (Tp) Groups,
the Calico Hills Formation (Tac), and the Crater Flat
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Group (Tc) (table 2; Scott and Bonk, 1984; Sawyer
and others, 1994; Buesch, Nelson, and others, 1996).
Detailed lithostratigraphic nomenclature recently has
been described for the tuffs at Yucca Mountain (many
of which are formations) and interstratified informal
units in the Paintbrush Group (Buesch, Spengler, and
others, 1996) and for the Calico Hills Formation and
the Prow Pass Tuff (Moyer and Geslin, 1995).
Locally, the Timber Mountain Group is represented by
the Rainier Mesa Tuff (Tmr) and the pre-Rainier Mesa
Tuff bedded tuff (Tmbt1) (Geslin and others, 1995).
The Paintbrush Group consists of the Tiva Canyon
(Tpc), Yucca Mountain (Tpy), Pah Canyon (Tpp), and
Topopah Spring (Tpt) Tuffs, with interstratified
informal units of bedded tuffs (TpbtS, Tpbt4, Tpbt3,
Tpbt2, and Tpbtl). Locally, rocks of the Crater Flat
Group, represented by the Prow Pass Tuff (Tcp) or the
Bullfrog Tuff (Tcb), compose the lower part of the
unsaturated zone.

On the basis of hydrologic properties affected
by welding, the unsaturated zone at Yucca Mountain
consists of four bedrock hydrogeologic units (table 2):
Tiva Canyon welded (TCw), Paintbrush nonwelded
(PTn), Topopah Spring welded (TSw), and Calico
Hills nonwelded (CHn) (Montazer and Wilson, 1984).
For example, the Tiva Canyon and Topopah Spring
Tuffs range from nonwelded near the top and bottom
of each unit to densely welded in the interior.
Although the densely welded tuffs are highly frac-
tured, the matrix generally has low porosity and
permeability. Nonwelded tuffs have higher matrix
porosity and permeability but are sparsely fractured,
resulting in lower bulk permeabilities than the welded
units. Bedded ash-fall tuffs are interlayered between
the major tuff units and have the highest porosity and
permeability of any of the rock units. Although the
Calico Hills Formation is nonwelded and generally
has high matrix porosity, it has low permeability due
to zeolitic alteration over most of the Yucca Mountain
area. Because of these differences in hydrologic prop-
erties, the hydrogeologic units do not correspond to
the major lithostratigraphic units (generally forma-
tions) even though they have similar names. For
example, the TSw consists only of the densely welded
units of the Topopah Spring Tuff (table 2). The
moderately welded to nonwelded units near the base
of the Topopah Spring Tuff are part of the CHn, and
the moderately welded to nonwelded units near the
top of the Topopah Spring Tuff are part of the PTn
(table 2). Similarly, the moderately welded to

nonwelded units near the base of the Tiva Canyon Tuff
are part of the PTn.

Variations in Rock Types Within the Unsaturated
Zone

The unsaturated zone within the central block is
dominantly made up of thick, pyroclastic flow deposits
separated by relatively thin sequences of bedded tuff
(Buesch, Spengler, and others, 1996; Moyer and
Geslin, 1995; Moyer and others, 1995). Each of the
formations—including the Rainier Mesa, Tiva
Canyon, Yucca Mountain, Pah Canyon, and Topopah
Spring Tuffs, the Calico Hills Formation, and the Prow
Pass and Bullfrog Tuffs—consist of small- to large-
volume, nonwelded to densely welded, vitric to crys-
tallized pyroclastic flow deposits with minor amounts
of fallout tephra deposits. Bedded tuffs that separate
formations are typically composed of fallout tephra
deposits, small-volume pyroclastic flow deposits, and
locally redeposited tuffaceous material. In the
northern part of the central block, the Calico Hills
Formation contains vitric and devitrified rhyolitic lava
flows interstratified with pyroclastic flow and fallout
deposits.

Definition of the spatial distribution of litho-
stratigraphic units at the base of the unsaturated zone
was a critical prerequisite to the development of the
preliminary unsaturated-zone flow model (Wittwer
and others, 1995). Careful definition of the hydrologic
properties at the interface between unsaturated and
saturated conditions was particularly important given
the contrasting properties of hydrogeologic units deep
in the unsaturated zone (for example, the TSw and the
CHn). Distribution of lithostratigraphic units at the
base of the unsaturated zone was determined by
combining the potentiometric surface of Wittwer and
others (1992 and 1995) with the lithostratigraphic
model YMP.R2.0 (Buesch, Nelson, and others, 1996).
The result of this analysis is shown in figure 7, which
depicts the lithostratigraphic units at the base of the
unsaturated zone, the traces of the major faults, and
the elevation of the potentiometric surface (water
table). Within the central block of Yucca Mountain,
the base of the unsaturated zone is in the Topopah
Spring Tuff within only a very small area at the eastern
edge of the central block (fig. 7). In much of the
eastern and northern part of the central block, the
base of the unsaturated zone is in the Calico Hills
Formation, and through the central part of the block it
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Table 2. Correlation of bedrock lithostratigraphic units with lithostratigraphic-model units in YMP.R2.0 and hydrogeologic

units in the unsaturated zone

[YMP.R2.0 model units from Buesch, Nelson, and others (1996); lithostratigraphic unit nomenclature from Buesch, Spengler, and others (1996) with

formation names in bold type; hydrogeologic units from Montazer and Wilson (1984)]

Lithostratigraphic-
model units

Bedrock lithostratigraphic units

Hydrogeologic units

(not modeled)

Rainier Mesa Tuff (Tmr)

Pre-Rainier Mesa Tuff bedded tuff (Tmbt1)

Tuff unit "x" (Tpki) of the rhyolite of Comb Peak
Post-Tiva Canyon Tuff bedded tuff (Tpbt5)

Tpcun !

Tiva Canyon Tuff (Tpc)
Crystal-rich
Vitric
Nonwelded (rv3)
Moderately welded (rv2)

(These lithostratigraphic units gen-
erally are not present at Yucca
Mountain due to erosion)

Densely welded (rv1)?
Nonlithophysal (rn)
Crystal-poor
Upper lithophysal (pul)
Middle nonlithophysal (pmn)
Lower lithophysal (pll)
Lower nonlithophysal (pln)
Hackly (plnh)
Columnar (plnc)
Vitric
Densely welded (pv3)2‘3

Tiva Canyon welded hydrogeo-
logic unit (TCw)

Tpepv

Moderately welded (pv2)
Partially welded to nonwelded (pv1)

Tpy

Tpbt3

Tpp

Tptrv

Pre-Tiva Canyon Tuff bedded tuff (Tpbt4)
Yucca Mountain Tuff (Tpy)
Pre-Yucca Mountain Tuff bedded tuff (Tpbt3)
Pah Canyon Tuff (Tpp)
Pre-Pah Canyon Tuff bedded tuff (Tpbt2)
Topopah Spring Tuff (Tpt)
Crystal-rich
Vitric
Nonwelded (rv3)
Moderately welded (rv2)

Paintbrush nonwelded hydrogeo-
logic unit (PTn)
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Table 2. Correlation of bedrock lithostratigraphic units with lithostratigraphic-model units in YMP.R2.0 and hydrogeologic
units in the unsaturated zone—Continued

[YMP.R2.0 model units from Buesch, Nelson, and others (1996); lithostratigraphic unit nomenclature from Buesch, Spengler, and others (1996) with
formation names in bold type; hydrogeologic units from Montazer and Wilson (1984)]

Lithostratigraphic-

model units Bedrock lithostratigraphic units Hydrogeologic units

Densely welded (rv1)2
Nonlithophysal (rn)
Lithophysal (1)
Tptpul Crystal-poor
Upper lithophysal (pul) Topopah Spring welded hydrogeo-
Middle nonlithophysal (pmn) logic unit (TSw)
Tptpln Lower lithophysal (pll)
Lower nonlithophysal (pln)
Vitric
Tptpv3 Densely welded (pv3)?
Moderately welded (pv2)
Tptpvl and 2 Nonwelded (pv1)
Pre-Topopah Spring Tuff bedded tuff (Tpbt1) Calico Hills nonwelded hydrogeo-
Tac Calico Hills Formation logic unit (CHn)
Prow Pass Tuff
Tcp (not modeled) Bullfrog Tuff

Tiva Canyon undifferentiated: includes all zones and subzones of the Tiva Canyon Tuff except the lowermost partially welded to
nonwelded and moderately welded, vitric intervals which compose the uppermost part of the Paintbrush nonwelded hydrogeologic unit
(Buesch, Nelson, and others, 1996).

The densely welded subzones in the Tiva Canyon and Topopah Spring Tuffs (rv1 and pv3) consist of the vitrophyre and clastic
texture intervals (Buesch, Spengler, and others, 1996).

3Where preserved, the base of the densely welded subzone forms the base of the TCw hydrogeologic unit (Buesch, Spengler, and

others, 1996).

Tptrn
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Figure 7. Lithostratigraphic units at the base of the unsaturated zone at Yucca Mountain.
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is in the older Prow Pass Tuff (fig. 7). Farther to the
west, the base of the unsaturated zone is in the still
older Bullfrog Tuff, reflecting the generally eastward
slope of the Miocene tuffs underlying Yucca Moun-
tain. Throughout most of the ESF North Ramp study
area, the base of the unsaturated zone is in the Calico
Hills Formation (fig. 7).

Distribution of physical and hydrologic proper-
ties such as grain density, bulk density, porosity, pore
size distribution, permeability, and water content are
controlled largely by variations in the grain size and
sorting, degree of welding, the abundance of volcanic
glass, types and abundance of primary crystallization
and secondary alteration, and fracture characteristics
(Scott and others, 1983; Montazer and Wilson, 1984;
Flint and Flint, 1990; Rautman and Flint, 1992; Istok
and others, 1994; Moyer and others, 1996; Rautman
and others, 1995; Flint and Flint, 1995). Thickness,
geometry, and internal heterogeneity of these litho-
logic components are influenced by the initial
processes of eruption, deposition, and the cooling and
crystallization of lava flows and some pyroclastic flow
deposits, and by the post-depositional processes of
alteration of glass to clay and zeolites by reaction with
aqueous solutions (commonly referred to as secondary
alteration) and tectonism. Knowledge of these
processes is important for estimating and predicting
the lateral continuity and heterogeneity of properties
of the hydrologic framework.

Zonal Variations in Pyroclastic Flow Deposits

Characteristics of welded pyroclastic flow
deposits typically result from the sequential develop-
ment of depositional features, zones of welding,
and zones of crystallization, although in some rocks
welding can be coincident with deposition, and
crystallization can occur synchronously with welding
to inhibit development of welding (Smith, 1960a
and 1960b; Chapin and Lowell, 1979; Fisher and
Schmincke, 1984; Riehle and others, 1995). Charac-
terization of welding typically includes the non-
welded, partially welded, moderately welded, and
densely welded zones. These zones are vertically
distributed in a simple cooling unit—nonwelded rocks
at the top and bottom with increased welding toward
the center of the deposit. Laterally, thick deposits can
have the complete range in welding, but thin deposits
can lack the more densely welded central parts. The
five zones of crystallization include the high-tempera-

ture devitrification, vapor-phase crystallization, vapor-
phase corrosion, lithophysal, and fumarolic alteration
and crystallization.

At Yucca Mountain, the overlap of depositional
and zonal features typically results in an internal
stratigraphy that is stratiform on regional and subre-
gional scales; but locally, complex, detailed lithostrati-
graphic relations may exist (Moyer and Geslin, 1995;
Buesch, Spengler, and others, 1996; Moyer and others,
1996). Zones of welding and crystallization are vari-
ously developed in the Rainier Mesa, Tiva Canyon,
Yucca Mountain, Pah Canyon, Topopah Spring, Prow
Pass, and Bullfrog Tuffs.

The Tiva Canyon and Topopah Spring Tuffs
compose the largest volume of rocks in the unsaturated
zone, and their detailed lithostratigraphy forms the
fundamental framework of many studies. Although
the Topopah Spring Tuff is commonly 2 to 3 times
thicker than the Tiva Canyon Tuff, these formations
are strikingly similar in the relative distribution and
thickness of the crystal-rich and crystal-poor
members; the vitric, lithophysal, and nonlithophysal
units; and the fracture characteristics of each unit
(Buesch, Spengler, and others, 1996). One hydrogeo-
logically significant difference between the two forma-
tions is the development of the crystal-poor, vitric,
densely welded unit that is commonly generalized as
the crystal-poor vitrophyre (see Buesch, Spengler, and
others, 1996, for detailed descriptions). This crystal-
poor vitrophyre is well developed in the Topopah
Spring Tuff but is present in the Tiva Canyon Tuff only
in the southwestern part of Yucca Mountain. Both
formations have densely welded, crystal-rich rocks
that span the vitric-crystallized unit boundary and
overlie rocks of the nonlithophysal unit that have a
secondary porosity imparted by vapor-phase corrosion
of glass shards and pumice clasts during initial stages
of cooling. In rocks where secondary porosity devel-
oped, the porosity can be anomalously high compared
to that which would be estimated on the basis of
textures of welding (Buesch, Spengler, and others,
1996; Moyer and others, 1996). Secondary porosity
also forms where vitric, partially to moderately
welded rocks are in contact with crystallized, moder-
ately to densely welded rocks (Buesch, Spengler, and
others, 1996). This type of secondary porosity is
evident in exposures in Solitario Canyon in areas as
much as 90 m across in the crystal-rich, vitric, moder-
ately welded unit of the Topopah Spring Tuff, and
similar dimensions are inferred from boreholes
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(Buesch, Nelson, and others, 1996; Buesch, Spengler,
and others, 1996; Moyer and others, 1996). Secondary
porosity in the crystal-rich, vitric, moderately welded
unit of the Topopah Spring Tuff is not evident in expo-
sures in the ESF. In central and northern Yucca Moun-
tain, secondary porosity commonly is present in the
lower part of the columnar unit and in the upper part of
the vitric, moderately welded unit of the crystal-poor
Tiva Canyon Tuff. This secondary porosity is particu-
larly well developed where the vapor-phase corrosion
has propagated down into the increasingly porous
parts of the moderately welded rocks. Good examples
of secondary porosity texture in the columnar and
vitric, moderately welded units in the Tiva Canyon
Tuff are exposed near and in Alcove 3 of the ESF
(fig. 5) (also referred to as the Upper Paintbrush Tuff
Contact Alcove). These overall similarities in the
lithostratigraphic units of the Tiva Canyon and
Topopah Spring Tuffs indicate that the welding and
cooling histories of these two large-volume tuffs were
also similar and probably represent simple cooling
units in the Yucca Mountain area.

Variable zones of welding and crystallization
are overprinted on depositional features in the Rainier
Mesa, Yucca Mountain, Pah Canyon, Prow Pass, and
Bullfrog Tuffs, in contrast to the Calico Hills Forma-
tion, in which the rocks are characteristically
nonwelded. The Rainier Mesa Tuff is present only on
the eastern side of the central block of Yucca Moun-
tain near the Bow Ridge Fault, where it is nonwelded
to partially welded and commonly vitric (Scott and
Bonk, 1984; Blout and others, 1994; Geslin and
others, 1995; Geslin and Moyer, 1995). Regionally,
the Yucca Mountain Tuff is a simple cooling unit.
Within the central block, the Yucca Mountain Tuff
varies from densely welded tuff in exposures near
Yucca Wash, which are locally crystallized at high
temperature, to nonwelded and vitric tuff in the area
south of NRG-7a and SD-9 (fig. 6) (Moyer and others,
1996). At Yucca Mountain, the Pah Canyon Tuff is a
simple cooling unit and consists of multiple flow units
with variable amounts of crystallization at high
temperature, vapor-phase mineralization, and alter-
ation to clays and zeolites (Moyer and others, 1996).
In the northern part of Yucca Mountain, including
exposures in Yucca and Sever Washes and in core
from borehole G-2 (fig. 6), the Pah Canyon Tuff has
relatively complex stratigraphic relations of pumice
clast shapes and, based on field exposures and
compensated density geophysical logs in G-2, the tuff
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is moderately welded and crystallized (Moyer and
others, 1996). South of boreholes NRG#4, UZ-14,
and SD-9 (fig. 6), most of the Pah Canyon Tuff is
nonwelded and vitric or variably altered to clays and
zeolites. The Prow Pass Tuff is typically devitrified
with vapor-phase mineralization and variably altered
to clays and zeolites and is vitric only near the top in
the southernmost boreholes and exposures (Moyer and
Geslin, 1995). In the northern part of the central block
of Yucca Mountain, the tuff has the appearance of a
simple cooling unit, but multiple cooling units are
present in the southern part of the mountain, and there-
fore the Prow Pass Tuff is a compound cooling unit
(Spengler and others, 1981; Moyer and Geslin, 1995).
All ignimbrites in the Calico Hills Formation are
nonwelded; thus, differences in depositional features
such as phenocryst and clast types provide lithostrati-
graphic context for the formation. However, in the
context of hydrogeologic properties, the most impor-
tant vertical and lateral variation is the distribution of
vitric and zeolitized material (Montazer and Wilson,
1984; Moyer and Geslin, 1995; Buesch, Spengler, and
others, 1996).

The relation of increased abundance of fractures
in welded and crystallized rocks in comparison to the
small number of fractures in vitric, nonwelded
tuffaceous deposits has been recognized for many
years (Spengler and others, 1979, 1981, 1984; Spen-
gler and Rosenbaum, 1980; Maldonado and Koether,
1983; Montazer and Wilson, 1984; Scott and Cas-
tellanos, 1984). Individual lithostratigraphic units,
whether nonwelded and vitric or zeolitic, or welded
and vitric, or crystallized, each have relatively
characteristic fracture geometry (measured on a scale
of decimeters to meters) and surface roughness
(measured on a scale of millimeters), and many of
these fractures are strata-bound (Spengler and others,
1994; Brechtel and others, 1995a and 1995b;

C.J. Potter, U.S. Geological Survey, written commun.,
1995; D.S. Sweetkind, U.S. Geological Survey,
written commun., 1995; Buesch, Spengler and others,
1996; also see section of this report titled Comparison
of Fractures in Surface Outcrops from Azreal Ridge
and Yucca Crest Subdomains). In welded and crystal-
lized units such as the Tiva Canyon and Topopah
Spring Tuffs, and locally the Yucca Mountain, Pah
Canyon, Prow Pass, and Bullfrog Tuffs, these fracture
characteristics are initially developed in response to
localized stress during the cooling and crystallization
of the deposit. With an increase in welding, vitric
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nonwelded to moderately welded rocks have
increasingly better developed fractures that become
more planar in fracture geometry and smoother in
surface roughness. Nonlithophysal units typically
have more planar geometry and smoother roughness
than the lithophysal units. Several lithostratigraphic
units such as the hackly unit in the lower nonlitho-
physal unit and some of the vitric, densely welded
rocks are highly fractured. These initial fractures
establish a heterogeneity in the rock that subsequently
can be reactivated during structural deformation.

Correlation of the Lithostratigraphic and Hydro-
geologic Frameworks

Lithologic units described previously have been
grouped into hydrogeologic units, based principally on
major variations in the degree of welding and fracture
characteristics (Montazer and Wilson, 1984). How-
ever, as modeling and cross-correlations of physical
and hydrologic parameters have progressed, additional
lithologic components such as relative abundances of
vitric material, primary crystallization phases, and
secondary alteration have been useful for mapping the
lateral continuity of additional, and perhaps more
subtle, hydrogeologic boundaries (Buesch, Spengler,
and others, 1996; L.E. Flint, U.S. Geological Survey,
oral commun., 1996; see section of this report titled
Physical and Hydrologic Properties Determined from
Analysis of Rock Cores). Beneath the alluvium, the
four major bedrock hydrogeologic units consist of the
Tiva Canyon welded unit (TCw), Paintbrush
nonwelded unit (PTn), Topopah Spring welded unit
(TSw), and Calico Hills nonwelded unit (CHn)
(Montazer and Wilson, 1984). Boundaries between
the four major bedrock hydrogeologic units generally
correspond to one of contacts between the many
lithostratigraphic units listed in table 2. Thus, specific
svbdivisions of either tuff formations or major hydro-
geologic units can be uniquely identified by referring
to one of the lithostratigraphic units listed in table 2.
Although Buesch, Spengler, and others (1996)
describe the lithostratigraphic units at Yucca Mountain
using a system that specifies stratigraphic rank (forma-
tion, member, zone, subzone, interval), in this report,
subdivisions within formations and major hydrogeo-
logic units generally are referred to simply as “units,”
which are the lithostratigraphic units listed in table 2.

The Tiva Canyon welded (TCw) hydrogeologic
unit consists of crystallized densely welded tuff

(Montazer and Wilson, 1984; Buesch, Spengler, and
others, 1996). By analogy with the Topopah Spring
welded hydrogeologic unit, the top of the TCw is the
top of the vitric, densely welded unit of the crystal-
rich member in the Tiva Canyon Tuff. The crystal-
rich, vitric, densely welded unit (Tpcrv1) typically is
eroded and is present only locally in the central block
in borehole NRG#2a (Geslin and others, 1995) and
trench WBRT-1 on Whale Back Ridge near borehole
USW SD-12 (fig. 6; E.M. Taylor, U.S. Geological
Survey, written commun., 1996). The base of the TCw
typically is the contact between the crystallized,
columnar unit of the lower nonlithophysal unit and the
vitric, moderately welded unit of the crystal-poor
member of the Tiva Canyon Tuff where the vitric,
densely welded unit is absent (Buesch, Spengler, and
others, 1996; Moyer and others, 1996). This lower
contact can be sharp where the high-temperature crys-
tallization coincides with a change from densely to
moderately welded rocks, or it can be gradational
across several meters where high-temperature crystal-
lization or vapor-phase corrosion occurred in moder-
ately welded rocks. In the southwestern part of the
central block, the base of the TCw 1s the contact
between the vitric, densely, and moderately welded
units (Buesch, Spengler, and others, 1996; Moyer and
others, 1996).

The TCw can be divided into five hydrogeologic
subunits based on changes in porosity and moisture
retention, although additional units might be defined
after completion of sensitivity-analysis modeling
(L.E. Flint, oral commun., 1996). From the top down,
these hydrogeologic subunits typically correspond to
(1) the densely welded rocks of the crystal-rich vitric
unit and the subvitrophyre in the nonlithophysal unit,
(2) rocks with well-developed secondary porosity in
the crystal-rich nonlithophysal unit, (3) the crystal-
poor upper lithophysal unit, (4) a combination of the
crystal-poor middle nonlithophysal, lower lithophysal,
and lower nonlithophysal units, but excluding the
lowermost part of the columnar unit where measured
matrix porosity is greater than 0.15, and (5) rocks with
greater than 0.15 porosity and the argillic pumice
interval in the columnar unit.

The Paintbrush nonwelded (PTn) hydrogeologic
unit consists of rocks with low density and high
porosity that are interstratified with rocks with high
density and low porosity (Montazer and Wilson, 1984;
Buesch, Spengler, and others, 1996; Moyer and others,
1996). In the northern part of the central block of
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Yucca Mountain and in the North Ramp area of the
ESF, the top of the PTn typically corresponds with the
lithostratigraphic contact of the columnar subunit of
the lower nonlithophysal unit and the vitric, moder-
ately welded unit in the crystal-poor member of the
Tiva Canyon Tuff where the vitric, densely welded
unit is absent (Buesch, Spengler, and others, 1996;
Moyer and others, 1996). In the ESF, and locally
throughout the North Ramp area, an interval of
secondary porosity several meters thick pervades the
moderately to densely welded rocks in the lower part
of the columnar subunit with minor amounts in the
upper part of the vitric, moderately welded unit.
Based on the limit of 0.15 bulk porosity (L.E. Flint,
oral commun., 1996; see section of this report titled
Physical and Hydrologic Properties Determined from
Analysis of Rock Cores), the top of the PTn in the ESF
is at the top of the several-meters-thick interval of
secondary porosity. The upper part of the vitric,
moderately welded unit is partially altered to red clay.
This argillic alteration commonly is present near the
top of the PTn, based on surface exposures and core
from boreholes (Moyer and others, 1996), and has
been inferred in several boreholes on the basis of
geophysical logs of calculated porosity (Nelson, 1994;
P.H. Nelson, U.S. Geological Survey, written
commun., 1995). The base of the PTn is in the crystal-
rich member of the Topopah Spring Tuff and typically
corresponds with the contact of the vitric, moderately
and densely welded units (Tptrv2 and Tptrvl) where
the transition from nonwelded to densely welded rocks
is commonly less than 2 m thick (Buesch, Spengler,
and others, 1996; Moyer and others, 1996). Locally,
where a vitric, densely welded unit does not exist, the
base of the PTn is where the moderately welded rocks
with vapor-phase crystallization and visible secondary
porosity are in contact with a crystallized, densely
welded subunit locally present within the nonlitho-
physal unit (Buesch, Spengler, and others, 1996;
Moyer and others, 1996).

The PTn commonly is modeled as a single
hydrogeologic unit but can be divided into several
subunits (Moyer and others, 1996; L.E. Flint, oral
commun., 1996; see section of this report titled Phys-
ical and Hydrologic Properties Determined from Anal-
ysis of Rock Cores). Many of the lithostratigraphic
units in the PTn that consist of nonwelded fallout
tephra and pyroclastic flow deposits have relatively
similar hydrogeologic properties (Moyer and others,
1996). The red argillic zone developed on the top of

unit C of the pre-Pah Canyon Tuff bedded tuff
(Tpbt2C, see Moyer and others, 1996) is laterally
extensive and has a higher density and lower porosity
than the subjacent fallout tephra deposits (Moyer and
others, 1996). Although the red argillic zone is too
thin to constitute a hydrogeologic subzone, the small
grain size and clay-rich characteristics might result in
this layer forming a capillary barrier as described in
Montazer and Wilson (1984) or form part of a barrier
in the pneumatic system. Paleosols developed on the
nonwelded deposits have not been sampled but prob-
ably have properties similar to the red argillic zone.
Welding and crystallization in the Yucca Mountain
Tuff, and possibly in the Pah Canyon Tuff, indicate
that these lithostratigraphic units can be identified as
hydrogeologic units (Moyer and others, 1996).

The Topopah Spring welded (TSw) hydrogeo-
logic unit consists of crystallized, moderately to
densely welded tuff (Montazer and Wilson, 1984;
Buesch, Spengler, and others, 1996; Moyer and others,
1996). The top of the TSw correlates with the top of
the vitric, densely welded unit of the crystal-rich
member in the Topopah Spring Tuff; or locally, where
there is no vitric, densely welded unit, the top is a
densely welded subunit locally present in the nonlitho-
physal unit (Buesch, Spengler, and others, 1996). The
upper contact of the TSw typically is sharp or grada-
tional across less than 0.5 m. The base of the TSw is
the contact of the vitric, densely welded and moder-
ately welded units of the crystal-poor member in the
Topopah Spring Tuff, and this contact can be grada-
tional across several meters (Buesch, Spengler, and
others, 1996). Based on changes in porosity and mois-
ture-retention characteristics, the TSw can be divided
into eight hydrogeologic subunits, although additional
units might be defined after completion of sensitivity-
analysis modeling (L.E. Flint, oral commun., 1996).
From the top down, these hydrogeologic subunits typi-
cally correspond to the (1) densely welded rocks of the
crystal-rich vitric unit and a densely welded subunit
locally present in the nonlithophysal unit, (2) rocks
with well-developed secondary porosity in the crystal-
rich nonlithophysal unit, (3) crystal-rich lithophysal
and crystal-poor upper lithophysal units, (4) crystal-
poor middle nonlithophysal unit, (5) crystal-poor
lower lithophysal unit, (6) upper part of the crystal-
poor lower nonlithophysal unit, (7) lower part of the
crystal-poor lower nonlithophysal unit, and (8) crystal-
poor, vitric, densely welded unit.
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The Calico Hills nonwelded (CHn) hydrogeo-
logic unit, which has been defined only for the
unsaturated zone, consists of all rocks below the base
of the crystal-poor, vitric, densely welded unit of the
Topopah Spring Tuff where they are present above the
water table, except locally where the Crater Flat (CFu)
hydrogeologic unit is present above the water table
(Montazer and Wilson, 1984). The CFu is present
above the water table along the western edge of the
central block where it is represented by the Bullfrog
Tuff (fig. 7). Wittwer and others (1995) use the
definition of Montazer and Wilson (1984) for the CHn
and include the minimally represented CFu with the
CHn. The term "Calico Hills nonwelded hydrogeo-
logic unit" has not been applied where this lithostrati-
graphic sequence dips beneath the water table in the
vicinity of Yucca Mountain. This hydrogeologic unit
is composed of a wide variety of lithostratigraphic
units including: (1) vitric, moderately welded to
nonwelded, crystal-poor Topopah Spring Tuff;

(2) vitric, nonwelded, pre-Topopah Spring Tuff
bedded tuff; (3) vitric, crystallized, or altered,
tuffaceous rocks and lava flows of the Calico Hills
Formation; (4) vitric, crystallized and altered,
nonwelded to moderately welded Prow Pass Tuff; and
locally, (5) altered and crystallized, nonwelded to
moderately welded Bullfrog Tuff (Buesch, Spengler,
and others, 1996; Moyer and Geslin, 1995). The
tuffaceous lithostratigraphic units form three funda-
mentally different groups, where each group shares
similar hydrogeologic properties. These groups
include the vitric, nonwelded to moderately welded
rocks; zeolitized, nonwelded to moderately welded
rocks; and crystallized, welded tuffs; but interstratifi-
cation of the different lithostratigraphic units
precludes a simple division of the CHn into only three
units.

Evaluation of the Three-Dimensional
Lithostratigraphic Model of the Central Block
of Yucca Mountain

Selected elements of the existing three-dimen-
sional lithostratigraphic model (YMP.R2.0) of the
central block of Yucca Mountain (Buesch, Nelson, and
others, 1996) can be used as a valuable tool to evaluate
spatial characteristics of the hydrogeologic framework
(table 2; Buesch, Nelson, and others, 1996). The
model data base contains 74 boreholes, and there are
13 modeled lithostratigraphic units from the Tiva

Canyon Tuff to the Prow Pass Tuff with 8 model
block- and subblock-bounding faults (fig. 6; Buesch,
Nelson, and others, 1996). Contacts of modeled units
are stored as structure-contour maps that show the
spatial position of units within the area of the prelimi-
nary site-scale unsaturated-zone flow model (Wittwer
and others, 1995). Variations in thickness of units can
be derived by taking the difference between the values
of structure contours for the top of one unit and those
of the top of the underlying unit. Similar to modeled
units, modeled faults are stored as structure-contour
maps that show orientation and amount of separation
along the fault. For the most part, lithostratigraphic
contacts have been modeled. However, several
contacts were selected to coincide with (1) contacts of
hydrogeologic units in support of hydrogeologic
studies and (2) contacts between thermal/mechanical
units in support of engineering design of the ESF and
the potential repository. Although scientifically valid
and rigorous, the three-dimensional lithostratigraphic
model described herein is non-Q because most of the
borehole data used to construct the model were
collected prior to implementation of the approved
YMP quality-assurance (QA) program. Therefore, all
of the maps and geologic sections depicting the distri-
bution and thickness of lithostratigraphic units are
non-Q. However, because the existence and geologic
properties of the lithostratigraphic units are based on
data that are fully qualified under an approved YMP
QA program, the conclusions in this report regarding
the hydrogeologic properties of the lithostratigraphic
units are not compromised by the non-Q status of the
lithostratigraphic model.

Three geologic sections from the lithostrati-
graphic model (trace of geologic sections shown in
figure 5) illustrate the lateral changes in thickness and
orientation of the lithostratigraphic units (figs. 8, 9,
and 10). These geologic sections form the basis for
the lithostratigraphy described in this section of this
report and illustrate several geometric relations that
are fundamental to the discussions of perched water
and other topics. The eastward dips and eastward thin-
ning of post-Calico Hills Formation lithostratigraphic
units, the relatively flat water table (Wittwer and
others, 1992) with perched water in the vitric, densely
welded units of the crystal-poor Topopah Spring Tuff
(Tptpvl, 2, 3) in borehole SD-9, the proximity of the
vitric-zeolitic boundary to the base of the densely
welded rocks of the crystal-poor vitric Topopah Spring
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Tuff (Tptpv), and the inflection in model units east of
borehole NRG#4 that results from not modeling
discrete faults (Buesch, Nelson, and others, 1996), are
illustrated in figure 8. The southward dips and
changes in thickness of lithostratigraphic units such as
the Pah Canyon Tuff (Tpp) and Topopah Spring Tuff
(Tpt), the position of the vitric-zeolitic boundary (see
the section of this report titled Modeling of the Vitric-
Zeolitic Boundary), and the water table as modeled by
Wittwer and others (1992) are illustrated in figure 9.
The southeasterly dips in the area near Drill Hole
Wash, changes in thickness of lithostratigraphic units
such as the Yucca Mountain Tuff (Tpy) and Pah
Canyon Tuff (Tpp), the position of the vitric-zeolitic
boundary near the base of the densely welded rocks of
the crystal-poor Topopah Spring Tuff, and the water
table (Wittwer and others, 1992) with perched water in
the vitric, densely welded unit of the crystal-poor
Topopah Spring Tuff in boreholes UZ-14 and UZ-1,
are illustrated in figure 10. The relations between
perched water and lithostratigraphy and structure are
described in detail in the section of this report titled
Relation of North Ramp Perched Water to Lithology
and Geologic Structure.

Variability in Thickness of Selected
Lithostratigraphic and Hydrogeologic Units

On the basis of results of lithostratigraphic
modeling, all lithostratigraphic units display some
degree of thickness variability within the central block
of Yucca Mountain. General volcanology principles
(Fisher and Schmincke, 1984; Cas and Wright, 1987)
can be used to understand and model lithostratigraphic
relations at Yucca Mountain where thickness varia-
tions are attributable to differences in modes of
emplacement, pre-eruptive topography, and possibly
removal by erosion. Deposits of fallout tephra are
either uniform in thickness or thin gradually across the
area, and topographic control on their thickness is
minimal. Pyroclastic flow deposits typically fill topo-
graphically low areas and become thinner or pinch out
as they onlap topographically high areas. Individual
pyroclastic flow deposits, or the distal parts of the
deposits, can develop a complex lobate form (Rowley
and others, 1981). The relief and irregular profiles on
pre-existing topography can be largely smoothed out
where the pyroclastic flow deposits are thicker than the
relief on the pre-existing surface. Primary controls on
the geometry of pyroclastic flow deposits are the

volume of material deposited, distance from their
source, and relief on the pre-existing topography.
Lava flows typically accumulate in low topographic
areas, but near-vent deposits can be on steep slopes if
the vent is on a ridge. Primary controls on the geom-
etry of lava flows are the erupted volume and viscosity
of the lava. Rhyolite lava flows in the Paintbrush
Group and Calico Hills Formation exposed near Yucca
Mountain are typically steep sided and can be traced
for as much as 2 to 3 km from the vent (Christiansen
and Lipman, 1965; R.P. Dickerson, Science Applica-
tions International Corporation, oral commun., 1995).

Tiva Canyon Tuff

The Tiva Canyon Tuff forms most of the
exposed bedrock at Yucca Mountain, but the accuracy
in determining the original thickness of the formation
is limited because the top is commonly eroded, the
base is rarely exposed, and only eight boreholes
penetrate nearly the entire section. In the vicinity of
the North Ramp, the thickest section is 148 m, in
borehole H-5 (fig. 6). The formation appears to
become thinner to the north, east, and south from this
location. In the northern area, the approximate thick-
ness of the formation is 73 to 85 m near Yucca Wash
(Scott and Bonk, 1984), and 69 m in G-2, 105 m in
WT#18, and 102 m in NRG#4 (Buesch, Nelson, and
others, 1996). To the south, measured sections in Soli-
tario Canyon indicate thicknesses of 115 and 125 m
(J.K. Geslin, Science Applications International
Corporation, written commun., 1995), but these
sections are not complete because the top of the
formation is not preserved. Thinning of the formation,
and zones within it, to the north and northeast appar-
ently results from deposition of the tuff on topographi-
cally higher areas produced by thick accumulation of
the Yucca Mountain and Pah Canyon Tuffs and the
bedded tuffs of Tpbt2, Tpbt3, and Tpbt4. The hydro-
geologic subunit, which is represented by the vapor-
phase corroded rocks that include the lower part of the
subvitrophyre transition, mixed pumice, and pumice-
poor subunits of the crystal-rich nonlithophysal unit, is
an important unit to infiltration studies (Flint and Flint,
1994). Rocks in the pumice-poor and mixed pumice
subzones typically are exposed on the ridge crests in
the northern area but less typically in the central areas.
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Paintbrush Nonwelded Hydrogeologic Unit

Almost all lithostratigraphic units included
within the PTn hydrogeologic unit are thickest in the
northern area of the central block of Yucca Mountain
and thin southward (Buesch, Spengler, and others,
1996; Moyer and others, 1996). Isochore maps of the
PTn (Buesch, Spengler, and others, 1996; Moyer and
others 1996) show that the greatest change in total
thickness of the PTn and several individual lithostrati-
graphic units occurs in the area near the western end of
the North Ramp (near boreholes NRG-7a, NRG-6, and
G-4). Modeling of thicknesses of the PTn (Buesch,
Nelson, and others, 1996) indicates a southward
decrease in thickness of approximately 58 m/km for
areas north of borehole NRG-7a and 20 m/km for
areas south of borehole NRG-7a (fig. 11). Most of this
southward thinning of lithostratigraphic units in the
PTn results from changes in thickness of the Yucca
Mountain and Pah Canyon Tuffs and an unnamed
pyroclastic flow deposit in the pre-Yucca Mountain
Tuff bedded tuff (Moyer and others, 1996). In the area
of the North Ramp and Drill Hole Wash structure,
lithostratigraphic units in the PTn commonly have
highly varied thicknesses that probably result from the
effects of combinations of paleotopography, deposi-
tional mode, and possibly erosion (Buesch and others,
1994; Moyer and others, 1996). Many individual units
within the formations and bedded tuffs of the PTn,
even those that are only a few centimeters thick, can be
correlated across the northern and central parts of the
central block of Yucca Mountain in numerous bore-
holes and in the North Ramp of the ESF.

Topopah Spring Tuff

The Topopah Spring Tuff is thickest at the
northwestern edge of the North Ramp, where borehole
thicknesses measure 370 m in NRG-7a, 369 m in H-1,
and 368 m in SD-9 (borehole locations shown in
figure 6). The formation becomes significantly thinner
to the north and northeast from the area near borehole
NRG-7a and becomes slightly thinner to the south. In
the northern and central areas, the formation is
approximately 93 to 109 m thick near Yucca Wash,
and 288 m thick in borehole G-2, 281 m in borehole
WT#18, 219 m in borehole NRG#4, 150 m in borehole
WT#16, 332 m in a#1, 328 m in b#1, 359 m in G-4,
and 353 m in H-5 (Buesch, Nelson, and others, 1996;
(borehole locations shown in figure 6). Most zones
and subzones can be mapped across the central block.

The lithophysal zones appear to become thicker as the
middle and lower nonlithophysal zones become
thinner to the north and east. At a few localities along
Yucca Wash, lithophysal and nonlithophysal zones are
difficult to identify as separate units. In borehole H-5,
the vitric, densely welded unit of the crystal-poor
member is the thickest at approximately 22 m. This
vitric, densely welded unit becomes thinner to the
north and east to approximately 9 to 12 m thick near
Yucca Wash, 11 m in the vicinity of boreholes WT#16
and b#1, 7 m in borehole WT#4, and 9 m in borehole
G-4; but it becomes thicker again to the south, where it
is 25 m thick in borehole GU-3, a shallower hole at the
location of borehole G-3 (Buesch, Nelson, and others,
1996). Thinning of the formation, and zones within it,
to the north and northeast apparently results from
deposition of the tuff on topographically higher areas
produced by thick deposits of lava flows in the Calico
Hills Formation.

Calico Hills Hydrogeologic Unit

Because the base of the CHn corresponds with
the top of the saturated zone (Montazer and Wilson,
1984), thickness variations of the CHn are dependent
on the interpreted elevation of the water table
throughout the central block. Several models of the
water table indicate a steeper hydraulic gradient across
the northern part of Yucca Mountain in contrast to a
relatively flat water table to the southeast of Yucca
Mountain (Robison, 1984; Ervin and others, 1994,
Tucci and Burkhardt, 1995), whereas other models
portray a relatively planar water table without a steep
gradient (Wittwer and others, 1992 and 1995). In
models that assume a steep hydraulic gradient, the
CHn becomes substantially thinner northward from
163 m in borehole G-1 to 25 m in borehole G-2.
Alternatively, recent evaluations of hydrologic data
from G-2 have questioned the steep hydraulic gradient
in this area and used temperature logs and spinner
and tracejector surveys to identify transmissive zones
in the Calico Hills Formation and Prow Pass Tuff
(Czarnecki and others, 1994). Using the interpretation
of Czarnecki and others (1994), including the trans-
missive zone identified at the base of the 150-m-thick
interval with a small thermal gradient, the thickness
of the CHn increases from borehole G-1, where it is
162 m thick, to borehole G-2, where it is interpreted to
be 284 m thick. This increased thickness to the north
results primarily from a higher interpreted elevation of
the base of the crystal-poor vitrophyre in the Topopah
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Spring Tuff. The possible influence of the hydrologic
characteristics of lava flows in the Calico Hills Forma-
tion on the geometry of the water table has not been
evaluated.

Geometry and Lateral Continuity of
Lithostratigraphic and Hydrogeologic Units

Selected structure-contour maps from the
lithostratigraphic model illustrate the lateral and
vertical variations in orientation of lithostratigraphic
units at Yucca Mountain. A structure-contour map of
the base of a modeled unit indicates subtle lateral vari-
ations in orientation of a contact at a sub-block scale.
In the following sections, several different structure
contour maps are interpreted and compared to detect
vertical variations in the orientation of units within the
central block. These structure contour maps include
the (1) base of the Tiva Canyon Tuff, (2) top of the
densely welded rocks of the Topopah Spring Tuff,

(3) top of the crystal-poor vitrophyre of the Topopah
Spring Tuff, and (4) base of the Calico Hills Forma-
tion. This selection provides examples of the general
character of structure contour maps of major strati-
graphic contacts, of lithostratigraphic contacts, and of
surfaces that separate major hydrogeologic units. In
general, all surfaces follow similar trends; therefore,
layers are stratiform and can be modeled by using
traditional stratigraphic principles. Minor vertical
separation of surfaces north of Drill Hole Wash and
the ESF reflect the dominance of strike-slip faults in
the Azreal Ridge subdomain, whereas vertical separa-
tion is characteristic of the dip-slip faults in the Yucca
Crest subdomain (see section of this report titled
Structural Setting of the North Ramp of the Explor-
atory Studies Facility). Subtle variations in orientation
are described below, but the major change in orienta-
tion of all units is from the northerly strikes in the
central part of the block to the northeast strikes in the
northeast with a southeast-plunging axis of change in
the orientation located near Drill Hole Wash (Buesch
and others, 1993; Buesch, Nelson, and others, 1996).
These major changes in strike and dip are interpreted
as representing deposition across a paleotopographic
highland that resulted initially from the thick accumu-
lation of lava flows in the Calico Hills Formation and
was reestablished by thick accumulation of pre-Tiva
Canyon Tuff and post-Topopah Spring Tuff tuffaceous
rocks.

Base of the Tiva Canyon Tuff

The base of the Tiva Canyon Tuff is the best-
constrained lithostratigraphic contact at Yucca Moun-
tain. The structure contour map for the base of the
Tiva Canyon Tuff was constructed primarily from
contacts in 31 boreholes, including information on the
dip of units from the boreholes, and from surface
exposures for the location and orientation of the base
(Buesch, Nelson, and others, 1996). For most of the
central block of Yucca Mountain, the base of the Tiva
Canyon Tuff strikes north and dips gently eastward
(fig. 12). North of boreholes WT#18 and WT#4, the
base strikes approximately N. 45° E. and dips gently
southeast. The change in orientation occurs over a
wide area and forms a broad, southeast-plunging
trough. The axis, which represents a shift from north-
erly to northeasterly strikes, appears approximately
aligned with Drill Hole Wash (Spengler and Rosen-
baum, 1980; Scott and others, 1984; Buesch, Nelson,
and others, 1996). In the North Ramp of the ESF, the
strike of the base of the Tiva Canyon Tuff estimated
from the model is N. 10° E. (Buesch, Nelson, and
others, 1996) and the measured strike is N. 12° E.
(S.C. Beason, Bureau of Reclamation, written
commun., 1996).

Top of the Densely Welded Rocks of the
Topopah Spring Tuff

For most of the central block of Yucca Moun-
tain, the top of the densely welded rocks in the
Topopah Spring Tuff strikes north and dips gently
eastward; but north and east of WT#18, the top strikes
approximately N. 60° E. to N. 65° E. and dips gently
southeast (fig. 13). This contact is described by data
from 40 boreholes (Buesch, Spengler, and others,
1996). The area of transition from northerly to north-
easterly strikes forms a southeast plunging trough that
is slightly narrower than the trough formed by the base
of the Tiva Canyon Tuff and described above. The
transitional axis also appears to shift to the northeast
by about 610 m (Buesch, Nelson, and others, 1996).
Where the top of the densely welded rocks transects
the ESF, the modeled strike is N. 1° E. and the
measured strike is N. 21° E. This difference in orien-
tation probably results from a combination of factors
including (1) the decision not to model several specific
faults in the area and (2) the presence of numerous
small faults in the top of the densely welded rocks of
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Figure 12. Structure contours of the base of the Tiva Canyon Tuff at Yucca Mountain.
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the Topopah Spring Tuff (Buesch, Nelson, and others,
1996).

Top of the Crystal-Poor Vitrophyre of the
Topopah Spring Tuff

The contact between the nonlithophysal unit
and vitrophyre of the vitric, densely welded unit in
the crystal-poor Topopah Spring Tuff represents a
relatively abrupt contact between high-temperature
crystallized rock and underlying glassy rock; but
commonly, a thin transition interval consists of well-
developed argillic alteration (Levy, 1984a, 1984b;
Buesch, Spengler, and others, 1996). For most of
the central block of Yucca Mountain, the top of the
vitrophyre strikes approximately N. 12° W. and dips
gently eastward; but north and east of WT#18, the top
strikes approximately N. 80° W. and dips gently south-
west (fig. 14). The shift from northerly strikes in the
south and west to northeasterly strikes in the north-
east occurs across a slightly broader southeasterly-
plunging trough than the trough on top of the densely
welded rocks of the crystal-rich Topopah Spring Tuff;
again, the axis is moderately well defined and approxi-
mately coincides with Drill Hole Wash (Buesch,
Nelson, and others, 1996).

Base of the Calico Hills Formation

For most of the central block of Yucca Moun-
tain, the base of the Calico Hills Formation strikes
approximately N. 15° W. and dips gently eastward
(fig. 15). North of Drill Hole Wash, the base of the
formation, except for one data point, is inferred from
the projected thickness and, therefore, is highly inter-
pretive.

Aqueous Alteration of Glass and Fumarolic
Alteration and Crystallization

Analyses of rock samples from the unsaturated
zone of Yucca Mountain indicate that smectite, clinop-
tilolite, and mordenite are the dominant low-tempera-
ture alteration products (Bish and Chipera, 1989). The
low-temperature alteration potential of any lithologic
unit is dependent on (1) rock composition, (2) rock
texture, (3) proximity to structure, and (4) water/rock
interaction. Volcanic glass that crystallized at high
temperature is not susceptible to alteration except
under high-temperature hydrothermal conditions.
High porosity and permeability, however, whether
inherited from the process of deposition or induced by

fracturing, typically promotes alteration of glass
because of the large surface area of the particles.
Moderately to densely welded glassy rocks, including
the lower vitrophyre of the Topopah Spring Tuff or
obsidian in the lava flows, have relatively low porosity
and permeability and do not readily alter. Alteration
to clays and zeolites occurs in three fundamentally
different lithostratigraphic, structural, and hydrologic
settings (Broxton and others, 1987). Alteration within
the unsaturated zone is suspected to be associated
with (1) faults and throughgoing fracture systems;

(2) perched-water horizons or horizons of lateral flow,
typically resulting in localized alteration; and (3) rocks
beneath an ancient or the present water table.

Alteration in the PTn Hydrogeologic Unit

Rocks in the PTn hydrogeologic unit are
commonly vitric; but locally, smectite and zeolites
have been detected near faults and fractures or along
strata-bound or subparallel bedding. Lithostrati-
graphic units in the PTn are typically vitric in the
central area of the central block, but alteration is more
common in the northern area. Samples from bore-
holes a#1, G-2, and G-4 locally contain 0 to 50 volu-
metric percent of smectite, and G-2 locally contains 0
to 25 volumetric percent clinoptilolite (Bish and
Chipera, 1989). Calculated porosity logs show the
locally interstratified alteration of vitric rocks and the
vertical characteristics of transition zones between
dominantly vitric and dominantly altered rocks
(P.H. Nelson, 1993, 1994, and written commun.,
1995). Numerous calculated porosity logs indicate an
altered horizon in the vitric, moderately welded unit of
the crystal-poor Tiva Canyon Tuff that probably corre-
lates to argillic alteration near the top of the PTn.
Zeolitization has been recognized in the lower part of
the Pah Canyon Tuff and the pre-Pah Canyon Tuff
bedded tuffs in NRG#4 (Geslin and others, 1995;
Moyer and others, 1996), and based on calculated
porosity logs (P.H. Nelson, 1994, and written
commun., 1995), zeolitized rocks are inferred in
WT#18. In the ESF, the lower part of the Pah Canyon
Tuff and the pre-Pah Canyon Tuff bedded tuffs are
partially zeolitized (S.C. Beason, oral commun.,
1995).

Fumarolic alteration of nonwelded to moder-
ately welded fallout tephra beds deposited on the pyro-
clastic flow deposit that forms most of the Topopah
Spring Tuff has been observed locally in core from
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boreholes and in surface exposures in the southern part
of Yucca Mountain and along Solitario Canyon (Levy,
1993; Buesch, Spengler, and others, 1996; Moyer and
others, 1996). These pumiceous deposits are included
in the pre-Pah Canyon Tuff bedded tuffs (Tptbt2)
(Buesch, Spengler, and others, 1996; Moyer and
others, 1996). On the basis of mapped geometric rela-
tions, S.C. Beason (written commun., 1995) has
suggested that a probable fumarole was transected
near stations 10+25 to 10+44 m in the ESF. Quantita-
tive mineralogy indicates a smectite-rich assemblage
with minor opal-CT, microcrystalline quartz, and cris-
tobalite, and fractures coated with drusy quartz crys-
tals; this assemblage is consistent with fumarolic
alteration (Levy and others, 1996). The top surface of
this feature is a red, argillically altered, pumiceous
fallout deposit that can be traced into alcove 4 of the
ESF (fig. 5), which also is referred to as the Lower
Paintbrush Tuff Contact Alcove. This argillically
altered material in alcove 4 probably also contains a
smectite-rich mineral assemblage, but it has not been
analyzed. A red, argillically altered, pumiceous
fallout deposit is evident in most boreholes that pene-
trate into the uppermost Topopah Spring Tuff (Geslin
and others, 1995; Geslin and Moyer, 1995; Moyer and
others 1995; Buesch, Spengler, and others, 1996;
Moyer and others, 1996). On the basis of geophysical
logs of calculated porosity (Nelson, 1994; P.H.
Nelson, written commun., 1995), an altered horizon is
indicated in many boreholes, and this horizon is at
approximately the same stratigraphic position as the
red, argillically altered deposits. Map relations of the
probable fumarole in the ESF and the lateral conti-
nuity of the argillically altered fallout deposit indicate
that this argillic alteration probably represents a
dispersed form of fumarolic alteration at or near the
post-Topopah Spring Tuff paleogeomorphic surface.

Alteration in the Calico Hills Hydrogeologic Unit

The intense zeolitic alteration that appears
pervasively throughout much of the CHn was associ-
ated with the Timber Mountain caldera system approx-
imately 10.7 million years ago, and no significant
hydrothermal alteration has occurred since that time
(Bish and Aronson, 1993). Much of the CHn in the
northern and eastern parts of the central block,
including the area of the North Ramp of the ESF,
contains significant proportions of clinoptilolite and
mordenite in contrast to areas to the south and south-

west, where the unit has remained relatively unaltered
(Broxton and others, 1987; Bish and Chipera, 1989,
Broxton and others, 1993; Bish and Aronson, 1993;
Bish and others, 1995; Buesch, Spengler, and others,
1996). Although the division of the unit into two
alteration zones implies a relatively simple geometry
and history (altered and nonaltered), there is vari-
ability in the details of which rocks have been altered,
where alteration occurred, and how alteration products
affect hydrologic properties of specific rocks and the
general unsaturated-zone system. The products of
alteration vary on scales from millimeters to hundreds
of meters and include grain-size textural changes,
strata-bound alteration, alteration along faults, and the
alteration of dense glass along fractures. These factors
result in a gradational boundary from vitric to zeolitic
that may span a vertical interval of as much as 30 m.

The approximately 15-m-thick section of
bedded tuff and sandstone that forms the base unit of
the Calico Hills Formation appears to be more exten-
sively zeolitized than the overlying and underlying
pyroclastic flow deposits of the Calico Hills Formation
and Prow Pass Tuff, respectively (Moyer and Geslin,
1995). This highly zeolitic interval could potentially
form a strata-bound barrier to flow. Moyer and Geslin
(1995) suggested that this stratigraphic relation may
be a result of variable abundances of primary glass,
and they concluded that the bedded tuffs probably had
a slightly different alteration history than the under-
lying and overlying pyroclastic flow deposits. Similar
differences in the amount of alteration in thin bedded
tuffs within sequences of pyroclastic flow deposits are
found in other parts of the Calico Hills Formation.
The apparent correlation of increased zeolitization in
bedded tuffs, parts of which include tuffaceous sand-
stone, compared to adjacent pyroclastic flow deposits
may indicate that the initial grain-size distribution and
sorting imparted at the time of deposition resulted in
preferential flow paths during alteration. After alter-
ation, these bedded tuffs could form strata-bound
barriers to flow.

Faults and fractures form structural discontinui-
ties that can be conduits for altering solutions, and
many form preferred locations of zeolite precipitation.
Zeolitization along faults is evident in field exposures
around Yucca Mountain (Broxton and others, 1993;
R.P. Dickerson, Science Applications International
Corporation, unpub. data, 1995) but is not well docu-
mented in boreholes at Yucca Mountain. Alteration
along fractures of obsidian in lava flows and vitro-
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phyres such as in the crystal-poor member of the
Topopah Spring Tuff has been documented in
numerous boreholes (Broxton and others, 1987;
Geslin and others, 1995; Buesch, Spengler, and others,
1996). Dense glass typically has less than a small
percent porosity and very small surface area, and
therefore, it is difficult for water to penetrate and alter
these units. This characteristic low porosity, in addi-
tion to the relative lack of alteration, is one of the
main reasons why the crystal-poor vitrophyre of the
Topopah Spring Tuff was not included in the Calico
Hills hydrogeologic unit. Fractures that permit access
of water can develop during cooling of a deposit,
hydration of glass to form perlitic fractures, or tectonic
activity. In boreholes WT#4, WT#6, WT#16, WT#18,
and WT-7, alteration along fractures has been inferred
in the crystal-poor vitrophyre of the Topopah Spring
Tuff and obsidian of the Calico Hills Formation by
comparing calculated porosity logs that indicate alter-
ation (Nelson, 1993; Nelson, 1994, and written
commun., 1995) with the distribution of vitric mate-
rial, including vitrophyre and obsidian, based on litho-
logic logs derived from cuttings, borehole video, and
geophysical logs. In borehole WT#4, zeolitization
along fractures in the crystal-poor vitrophyre of the
Topopah Spring Tuff is not indicated, but it is evident
in the obsidian of the Calico Hills Formation. In
WT#6, WT#16, and WT#18, some zeolitization is
evident 6 m to more than 18 m above the base of the
crystal-poor vitrophyre. In WT-7, the entire crystal-
poor vitrophyre may be partially altered.

Modeling of the Vitric-Zeolitic Boundary

Vitric and zeolitic rocks in the unsaturated zone
have long been recognized as important components in
hydrologic modeling (Montazer and Wilson, 1984),
but although the distribution of such rocks has been
pertrayed in geologic sections and fence diagrams
(Broxton and others, 1987), only a few distribution
maps of the rocks have been compiled (Montazer and
Wilson, 1984; Moyer and Geslin, 1995). Many studies
have focused on the vertical distribution of glass and
minerals in boreholes and the characteristics of the
transition from vitric to zeolitic rocks (Broxton and
others, 1987; Broxton and others, 1993; Bish and
others, 1995; Chipera and others, 1995). The vitric-
zeolitic boundary is interpreted as an ancient water
table that was probably associated with the peak
period of zeolitization, approximately 10.7 million

years ago (Broxton and others, 1987; Broxton and
others, 1993; Bish and Aronson, 1993; Buesch,
Spengler, and others, 1996). The assumption that the
vitric-zeolitic boundary represents an older water table
implies that the boundary can be mapped in three
dimensions. Mapping the vitric-zeolitic boundary is
intended to provide a general geometry of this alter-
ation boundary, but not as an attempt to represent all
the details of the vitric-zeolitic transition, such as
localized perched zones and the transition to saturated
rocks near the water table that commonly is referred to
as a capillary fringe. Construction of the vitric-
zeolitic boundary map follows the methods utilized in
development of the most recent lithostratigraphic
model (Buesch, Nelson, and others, 1996).

The vitric-zeolitic boundary transects formation
contacts and is lowest in the stratigraphic section in
the southwest part of the central block of Yucca Moun-
tain. At most locations in the northern and eastern -
areas of the central block, including the area near the
North Ramp of the ESF, the vitric material is less than
6 m thick, and the vitric-zeolitic boundary is within
the upper part of the vitric, moderately welded unit in
the crystal-poor Topopah Spring Tuff; but the vitro-
phyre is not altered (fig. 16). Locally in the northern-
most area, the vitric-zeolitic boundary is located
slightly above the base of the crystal-poor vitrophyre,
and the alteration is probably along fractures in the
vitrophyre. In the southwest, the boundary is as much
as 140 m below the crystal-poor vitrophyre and is
below the crystallized, moderately welded rocks of
unit 3 in the Prow Pass Tuff (see Moyer and Geslin,
1995) (fig. 16). The isochore map of vitric material
shows a relatively sharp increase in thickness near the
alignments of the Ghost Dance and Sundance Faults
and respective fault systems.

The contacts of lithostratigraphic units and the
vitric-zeolitic boundary are similarly oriented, but
none are coplanar (compare fig. 12 to figs. 15 and 17),
nor are they coplanar with the current water table.
This noncoplanar relation exists regardless of the
various representations of the water table, including
with or without steep gradients (Robison, 1984;
Wittwer and others, 1992; Ervin and others, 1994;
Tucci and Burkhardt, 1995; Wittwer and others, 1995).
Several interpretations can be drawn from these
geometric relations. In the southwestern and western
part of Yucca Mountain, the strikes of lithostrati-
graphic units and the vitric-zeolitic boundary trend
north to slightly northwest; therefore, the south-
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western part of the mountain was probably elevated
more than the area near Drill Hole Wash. In the
northern part of the mountain, well-developed
eastward strikes of the lithostratigraphic units prob-
ably represent onlap relations with paleotopographic
highlands. The close spatial position of the vitric-
zeolitic boundary with the base of the crystal-poor
vitrophyre of the Topopah Spring Tuff indicates that
the densely welded rocks might have acted as an effec-
tive low-permeability cap for the hydrothermal
system. Locally, where the vitric-zeolitic boundary is
above the base of the crystal-poor vitrophyre, these
rocks were probably below the water table during peak
alteration. The noncoplanar geometry probably repre-
sents three stages in the geologic evolution of Yucca
Mountain: (1) eastward tilting of rocks in a structural
block accompanied by minor northward tilting, (2)
pervasive zeolitization during peak hydrothermal
activity, and (3) continued (or renewed) eastward
tilting of the structural block accompanied by minor
northward tilting. This scenario implies a structural
evolution with periods of deformation interspersed
with quiescence and does not require large fluctuations
in the water table during peak hydrothermal alteration.
Alternatively, the tectonic history of eastward tilting of
the structural block accompanied by minor northward
tilting could be the same, although not constrained to
periodic deformation, and the water table during peak
alteration could have been higher with steeper gradi-
ents that simply lowered with time to the recent geom-
etry of the water table.

Location of and separation along faults affect
the interpretation of the vitric-zeolitic boundary geom-
etry. The Ghost Dance fault system separates the
Yucca Crest structural subdomain into the slightly
more faulted and steeper dipping lithostratigraphic
units on the east from the slightly less faulted and
shallower dipping units to the west (W.C. Day,

U.S. Geological Survey, written commun., 1995; also
see section of this report titled Structural Setting of the
North Ramp of the Exploratory Studies Facility).
Lithostratigraphic units and the vitric-zeolitic
boundary show a flexure in elevation near borehole
SD-9 in a north-south geologic section, and this coin-
cides with the beginning of the southward increase in
stratigraphic separation between the base of the vitric
densely welded rocks of the Topopah Spring Tuff and
the vitric-zeolitic boundary (figs. 9, 16, and 17). The
Sundance Fault (fig. 16) would intersect the geologic-
section plane just south of the edge of figure 9 and
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projects obliquely away from the geologic section at
approximately N. 20° W. to N. 40° W. The Sundance
Fault system consists of numerous small, northwest-
trending faults, many of which have an apparent
southwest-side-up separation (Spengler and others,
1994; C. J. Potter, U.S. Geological Survey, written
commun., 1995). Therefore, the Sundance Fault
system (1) appears to coincide with the northern end
of the southward increase in elevation of rocks toward
the maximum elevation along Yucca Crest near H-3
and G-3 and (2) might represent a brittle response to
the formation of the flexure in this part of the central
block. The relatively sharp increase in thickness of
vitric material near the alignments of the Ghost Dance
and Sundance Fault systems and the near parallelism
of the isochores with the fault systems can be indica-
tors that some faults acted as hydrologic barriers
during the main zeolitization event(s) (Buesch and
others, 1995). In this scenario, hydrothermal waters
could have flowed southward from the Timber Moun-
tain caldera area, reached faults such as the Ghost
Dance and Sundance Fault systems, and been diverted
around the block that now underlies the southwest area
of Yucca Mountain. Hydrogeologic properties of
these faults are not known—they could have acted as
low-permeability barriers against which waters
ponded on the up-flow side, or as high-permeability
zones along which water drained to lower aquifers.
With either set of properties, the vitric rocks to the
south and west of the faults were not affected by zeoli-
tizing waters. Subsequent tectonic activity may have
disrupted these apparently fault-related barriers of the
middle Miocene, and therefore the hydrologic proper-
ties of faults are not necessarily maintained through
time. Locally along some faults, the vitric-zeolitic
boundary lies at different stratigraphic positions in
adjacent structural blocks. This geometry can result
where the fault was a hydrologic barrier to flow; but
alternatively, this geometry can represent a fault that
was active before and after the most intense alteration.

Summary of Stratigraphic Framework

Lithostratigraphy and the geometry of litho-
stratigraphic units are fundamental controls on the
spatial distribution of the hydrogeologic properties of
rocks at Yucca Mountain. Hydrologic properties such
as bulk density, porosity, permeability, and saturation
are governed by the distribution of volcanic glass and
the crystallization or alteration of glass, nonwelded to
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densely welded textures, and fracture characteristics.
The mechanisms of eruption (explosive or.effusive)
and transport (pyroclastic flow or fallout, or lava flow)
influence the geometry and type of resulting deposit,
and this determines the initial temperature of the
deposit that ultimately governs whether (1) the rock
can weld, (2) the deposit is composed of volcanic glass
or is crystallized to a high-temperature mineral assem-
blage, or (3) fractures can develop. Mapped geometric
relations in the ESF, in boreholes, and in outcrop indi-
cate that fallout tephra that overlie the Topopah Spring
Tuff are locally argillic, possibly due to fumarolic
activity related to the cooling of the Topopah Spring
Tuff. Alteration of glass to clays and zeolites typically
occurs at relatively low temperatures in aqueous solu-
tions. Although the basic process of alteration is the
same in the PTn and CHn hydrogeologic units, alter-
ation in the PTn appears to be a highly local phenom-
enon and poorly developed. In contrast, pervasive
zeolitization is characteristic of the CHn through much
of the central block. Contacts of lithostratigraphic
units closely approximate the major changes in hydro-
logic properties associated with the four major
bedrock hydrogeologic units and most of the proposed
subunits; therefore, the lithostratigraphic framework
can be used as an effective tool in the modeling of
hydrogeology in the unsaturated zone.

Several lithostratigraphic units, which are
important to modeling of the unsaturated zone, vary
significantly in thickness and orientation near the
northwestern extent of the North Ramp of the ESF.
The conspicuous northward decrease in thickness of
the Topopah Spring Tuff and the shift in orientation
from a northerly strike in the south to an easterly strike
in the north are interpreted to be results of onlap of the
tuff on a paleotopographic highland formed from thick
lava flows of the Calico Hills Formation along the
northeastern part of the central block. The thickness
of the PTn decreases abruptly south of the North
Ramp area. The overall thinning is primarily a result
of the sharp decrease in thickness of the pyroclastic
flow deposits in the Yucca Mountain and Pah Canyon
Tuffs and pre-Yucca Mountain Tuff bedded tuffs. The
sharp northward decrease in thickness of the Tiva
Canyon Tuff and the shift in orientation from a north-
erly strike in the south to a northeasterly strike in the
north are interpreted to be results of onlap of the tuff
on a paleotopographic highland formed from thick
accumulation of pre-Tiva Canyon Tuff and post-
Topopah Spring Tuff deposits along the northern part
of the central block. Three-dimensional geologic
modeling of the vitric-zeolitic boundary indicates the

vitric material is typically less than 6 m thick in most
of the northern and eastern areas of the central block,
especially near the North Ramp of the ESF. Thick
intervals of vitric material in the southwest, as much as
140 m, might result from tilting of structural blocks
prior to zeolitization, but the coincident alignment of
the sharp increase in thickness aligned with the Ghost
Dance and Sundance Faults indicates a possible struc-
tural control to the distribution of intense zeolitic alter-
ation of the CHn hydrogeologic unit within the central
block of Yucca Mountain.

Structural Setting of the North Ramp of
the Exploratory Studies Facility

The thick sequence of Miocene volcanic rocks
that underlie Yucca Mountain is broken into several
east-tilted structural blocks that are bounded by north-
trending normal faults (Frizzell and Shulters, 1990; -
Scott, 1990; Day and others, 1998). The central struc-
tural block of Yucca Mountain is bounded by the Soli-
tario Canyon Fault on the west and by the Bow Ridge
Fault on the east (fig. 18). Knowledge of several of
these faults and important structural relations has been
enhanced by excavation of the Exploratory Studies
Facility (ESF) tunnel. The ESF bores northwesterly
under Azreal Ridge (North Ramp), penetrates the Drill
Hole Wash Fault system, and the turns and proceeds
southward under Diabolus Ridge (Main Drift) through
the central part of the proposed repository area west of
the Ghost Dance Fault (figs. 18 and 19).

Setting of Structural Subdomains

Yucca Mountain is in the Crater Flat tectonic
domain Fridrich and Price (1992), which is a unique
and internally coherent terrane made up of structural
subdomains. The Crater Flat domain contains several
coherent structural blocks, or subdomains, which are
defined in this report as fault-bound blocks of bedrock
that have internally consistent strata dips and consis-
tent styles and orientations of faulting and fracturing
that differ from those of adjacent subdomains.
Geologic mapping at a scale of 1:6,000 (Day and
others, 1998) (fig. 19) delineated two structural subdo-
mains in the North Ramp area west of the Bow Ridge
Fault (fig. 18) that have internally consistent structural
and stratigraphic characteristics, but between which
there are distinct differences (fig. 20). The northern
structural block, termed the Azreal Ridge subdomain,
is made up of northwest-trending ridges and washes
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that extend northward from Azreal Ridge to Yucca nant northwest-striking faults (fig. 20) that are thought
Wash. The southern structural block is the Yucca to be kinematically linked.

Crest subdomain and contains the northern part of the

potential repository as well as two dominant fault Azreal Ridge Subdomain

zones, the Ghost Dance and Sundance Faults. The The Azreal Ridge subdomain is a relatively
Drill Hole Wash Fault system separates the Azreal and simple and competent sequence of layered volcanic
Yucca Crest subdomains and is made up of two domi- rocks that strike northeasterly and dip gently to the
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southeast. The Azreal Ridge subdomain abuts the
Solitario Canyon Fault on the west and terminates
against the Bow Ridge Fault on the east (fig. 18). The
dominant faults within the Azreal Ridge subdomain
are northwest-trending and steeply dipping and had
dextral strike-slip motion, coupled with a southwest-
side-down dip-slip component (fig. 19). The amount
of offset and brecciation associated with these faults is
minimal. The Azreal Ridge subdomain (fig. 20) is a
structurally coherent block with exposures of the

Tiva Canyon Tuff that strike approximately N. 10° E.
to N. 30° E. and dip gently to the southeast (fig. 19).
Bedrock exposures on the southeastern tip of Azreal
Ridge exhibit numerous minor north-trending and
northwest-trending faults between boreholes NRG#3
and NRG#4 (fig. 21). Scott (1990) originally defined
the north-trending faults as being part of a north-
trending imbricate fault zone. However, recent
bedrock geologic mapping (Day and others, 1998) as
well as mapping within the ESF (S.C. Beason, written
commun., 1995) indicate that the north-trending faults
are cut by previously unrecognized northwest-trending
normal faults (faults 1 and 2 in fig. 21). The north-
west-trending faults commonly have wide fracture and
breccia zones at the surface that coalesce downward
into narrower fault zones. Vertical horsetailing of the
faults is characterized by wide zones of rock breakage
with numerous fault splays at the surface that merge
into more discrete narrower fault zones at depth. One
such fault zone is west of borehole NRG#4 (fault 3 in
fig. 21). As opposed to the numerous minor faults in
the eastern part, the western part of the Azreal Ridge
subdomain is cut by only a few minor northeast-
trending faults that are dominantly downthrown to the
west (faults 4-7 in fig. 21).

Drill Hole Wash Fault System

The Drill Hole Wash Fault system in the central
part of the study area is made up of several fault splays
(faults 8-11 in fig. 21), which are interpreted to have
been kinematically related (Day and others, 1998).
Most of the fault system lies buried beneath Quater-
nary alluvial deposits in the wash. The main trace and
associated strands of the fault zone are exposed only
on a small ridge at the intersection of Tea Cup Wash
and Drill Hole Wash (faults 8-10 in fig. 21) and in the
ESF. Prior to development of the ESF, the subsurface
information was limited to surface-based geophysical
studies and a few boreholes. These early data led to

suggestions that there was a wide zone of strong brec-
ciation and fractured rock beneath the wash. Higher
electrical conductance in this zone (Smith and others,
1984, OFR 84-567) implied that Drill Hole Wash was
underlain by a major fault zone with a significantly
greater degree of fracturing and brecciation than the
surrounding rock. Spengler and Rosenbaum (1980)
reported shear fractures in borehole a#4 and fault
breccia in a#5 (fig. 21) and interpreted them to be
intercepts of faults associated with a large fault zone.
The brecciation identified in the boreholes and
inferred from ground-based geophysical studies was
interpreted to be evidence for complex faulting
beneath the floor of the wash. However, recent expo-
sure of the splays of the Drill Hole Wash Fault zone
underground in the ESF has shown that the amount of
brecciation and fracturing in rock between the domi-
nant faults (faults 8 and 11 in fig. 21) is minimal and is
no greater than in unfaulted areas.

Scott and others (1984) proposed that the Drill
Hole Wash Fault was one of several northwest-
trending faults (like the faults in Pagany Wash, Sever
Wash, and the one inferred in Yucca Wash; see fig. 18)
with dominantly right-lateral strike-slip offset in the
northeast part of Yacca Mountain. The total offset on
most of the faults, including the Drill Hole Wash Fault
zone, has been estimated to be minimal, with a dip-slip
component (downthrown to the west) of as much as
4 m coupled with right-lateral horizontal displacement
of as much as 43 m (Spengler and Rosenbaum, 1980;
Scott and others, 1984). Recent surface bedrock
mapping (fig. 19) confirms the previous estimates of
limited vertical motion on the southwestern splay of
the Drill Hole Wash Fault system (fault 8 in fig. 21).
The northeasternmost splay identified in borehole a#4
and in the ESF is inferred to be on the northern margin
of Drill Hole Wash (fault 11 in fig. 21). A smaller
fault exposed in the drill pad cut at NRG#5 is kinemat-
ically related to this splay. The other main splay,
which forms the southern margin of the zone, is
exposed on the small ridge near borehole H-1 (fault 8
in fig. 21). Surface bedrock mapping has shown that
the southern fault (fault 8 in fig. 21) strikes approxi-
mately N. 30° W., dips steeply 80°-85° to the south-
west, and is downthrown approximately 10 m to the
west.

Detailed geologic mapping in the ESF has
identified two dominant north-to-northwest-trending,
southwest-dipping fault splays under Drill Hole Wash.
The northeasternmost splay (fault 11 in fig. 21)
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encountered in borehole a#4 (Spengler and Rosen-
baum, 1980) is thought to correlate with two north-
west-trending faults encountered in the ESF in the area
between stations 19+01 m and 19+42 m, which are
downthrown to the west and have a cumulative 4 to

6 m down-to-the-southwest vertical displacement.
The two fault planes exposed in the ESF have hori-
zontal slickensides, indicating that the latest motion
had a strike-slip dextral component of motion.
Numerous small-scale faults are present between
station 19+01 m, which is the northeasternmost splay
(fault 11 in fig. 21), and the southwestern splay
exposed at station 22+65 m in the ESF (fault 8 in

fig. 21). The fault at station 22+65 m projects to the
surface beneath the center of Drill Hole Wash. This
fault is unique in that it is relatively open, with unce-
mented breccia, approximately 2 m wide, and contains
rotated blocks up to 1 m wide. The zone narrows to
less than 1 m wide in the crown of the ESF. The
margins of the fault are irregular because of the open
nature of the fault. On the southwest side of the ESF
North Ramp, the margin of the fault trends between
N. 11° W. and N. 30° W., and on the northeast side
of the North Ramp it trends between N. 0° W. and

N. 15° W.; both sides dip to the southwest. The fault
has an average trend of N. 10° W. and dips 80° south-
west. Apparent offset across the zone is at least 1.5 m
down-to-the-southwest. The fault at station 22+65 m
cannot be correlated with the small fault exposed at
the surface south of borehole NRG-7a because their
trends are perpendicular to each other, which would
indicate a geometry not seen in this part of Yucca
Mountain.

Fault 8 (fig. 21) exposed at the surface is corre-
lated with the open fault at station 22+65 m in the ESF.
At the surface, fault 8 has a demonstrable vertical
down-to-the-southwest offset of approximately 9 m; in
the ESF the offset is estimated at 1.5 m down-to-the-
southwest. The amount of vertical offset is estimated
by correlating lithophysal partings in the Topopah
Spring Tuff, whereas the strike-slip component of
offset is indeterminant because of the lack of a
piercing point. Assuming the 1.5 m of vertical offset
is correct, then the disparity documents an upward
intensification of deformation associated with the
fault. If the displacement was dominantly strike-slip,
albeit with a minimal amount of offset (Scott and
others, 1984), the upward-increasing deformation may
be due to a concealed flower-structure style of

faulting, common to strike-slip fault zones (Sylvester,
1988).

Geometric constraints provided by recent three-
dimensional lithostratigraphic modeling (Buesch,
Nelson, and others, 1996) have interpreted a buried
“pull-apart” structure beneath Drill Hole Wash to
account for apparent discrepancies detected in the
boreholes (Buesch and others, 1994). One such
graben structure is partially exposed on the north-
eastern flank of the ridge northwest of borehole H-1
(fig. 21). In contrast to most of the faults in the Drill
Hole Wash Fault system, fault 10, which defines the
southwestern margin of the graben, is northeast-
dipping and is downthrown approximately 11 m to the
northeast (fig. 21). It cannot be an extension of the
small fault identified in borehole a#4 on the northern
margin of Drill Hole Wash (fault 11 in fig. 21) because
fault 10 is downthrown to the east, which is opposite
of that observed in the ESF where it crosses fault 11.
Fault 10 also is distinct from the two small faults
exposed on trend with this fault to the north on the
flank of Azreal Ridge, which are downthrown to the
west (fault 7 in fig. 21). Therefore, fault 10 (north of
borehole H-1) forms the southwest margin of a small
pull-apart graben structure bounded on the northeast
by the main northwest-trending fault inferred on the
northern margin beneath Drill Hole Wash (fault 11 in
fig. 21).

Buesch and others (1994) recognized the
complex nature of faulting in the Drill Hole Wash
Fault system when they prepared structural isopach
maps to be used in the three-dimensional lithostrati-
graphic model. For instance, in comparing strati-
graphic data from borehole G-1 (south of the Drill
Hole Wash Fault system) with that from H-1 (north of
one of the main traces of the Drill Hole Wash system;
fault 8 in fig. 21), they noted that the base of the Tiva
Canyon Tuff drops approximately 5 to 11 m down-to-
the-southwest across the fault. In the stratigraphically
lower Topopah Spring Tuff, however, the top of the
crystal-rich vitric unit is down-to-the-northeast by
about 35 m. This could be accounted for by either
stratigraphic variations in the two units, or two distinct
phases of motion on the fault, one of which was prior
to eruption and deposition of the Tiva Canyon Tuff.
Geologic mapping does record such lateral variations
in stratigraphic thicknesses in the volcanic units.
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Yucca Crest Subdomain

The Yucca Crest subdomain lies south of Drill
Hole Wash where the volcanic bedrock strikes more
northerly, dips to the east, and becomes more dissected
with north-trending faults farther to the south (Day
and others, 1998). The dominant faults within the
subdomain strike north-south and have down-to-the-
west dip-slip offset, although there are examples of
down-to-the-east dip-slip motion (fig. 19). The
northern part of the subdomain is a relatively coherent
block of Tiva Canyon Tuff (Day and others, 1998) that
dips gently to the east-southeast and strikes to the
northeast (N. 5° E. to N. 15° E.). To the south near
Dead Yucca Ridge (fig. 19) the strike becomes more
northerly (N. 0° E. to N. 10° E.).

The density of recognizable faults within the
Yucca Crest subdomain increases southward, from a
relatively sparsely faulted area on Diabolus Ridge to a
zone of intense fracturing and faulting on Live Yucca
Ridge near the Ghost Dance and Sundance Fault zones
(fig. 21). The Ghost Dance Fault zone is the main
thoroughgoing fault in the central part of Yucca Crest
subdomain (fault 12 in fig. 21). Deformation along the
Ghost Dance Fault zone varies from north to south,
with a marked transition near Split Wash (Spengler
and others, 1993, 1994). The northern terminus of the
Ghost Dance Fault was recognized by Scott and Bonk
(1984) to be on the southern flank of Diabolus Ridge,
in a zone of intense brecciation but with no vertical
offset of stratigraphy (figs. 19 and 21). Between
Diabolus Ridge and Split Wash, it is a relatively
simple 3- to 4-m-wide fault zone downthrown to the
west 2 to 3 m. To the south of Split Wash, the fault
zone broadens into a complex zone about 152 m wide
with numerous splays that have a cumulative vertical
offset of approximately 14 m on Antler Ridge, which
represents one of the areas of maximum brecciation
and deformation along the fault trace (south of the area
of figure 21; see Spengler and others, 1993).

The Sundance Fault zone (fault 13 in fig. 21) is
a northwest-trending, down-to-the-northeast normal
fault approximately 450 m long that cuts both the
crystal-rich and crystal-poor members of the Tiva
Canyon Tuff with a cumulative northeast-side-down
displacement of 1.5 to 11 m (Potter and others, in
press). Numerous small, northwest-trending faults are
en echelon with the main trace of the Sundance Fault
(fig. 21). These are recognized in the crystal-poor
member of the Tiva Canyon Tuff, but seem to diminish

in number up section in the units of the crystal-rich
member. This stratigraphic control on the distribution
of faulting was noted by Potter and others (in press)
and led them to propose a model in which the strain
associated with the formation of the fault and associ-
ated brecciation and fracturing was distributed over a
broader area within the crystal-poor member but
focused into discrete zones in the overlying crystal-
rich member. Recent mapping by Potter and others (in
press) has shown that displacement on the Sundance
Fault decreases to zero on the south flank of Live
Yucca Ridge in the area of Split Wash and is parti-
tioned by offset of a series of variously reactivated
cooling joints.

Comparison of Fractures in Surface Outcrops
from the Azreal Ridge and Yucca Crest Subdomains

Throckmorton and Verbeek (1995) conducted a
regional study of fracture orientation on numerous
outcrops throughout Yucca Mountain. They differen-
tiated joints and fractures formed during initial cooling
and contraction of the ignimbrite sheets from those
that resulted from fracturing of the rock as a result
of tectonic processes. From this analysis, they defined
several sets of cooling joints and tectonic fractures
present throughout Yucca Mountain, which yield a
consistent relative timing of formation as well as
general orientation (fig. 22). The sequential formation
of fracture sets has been determined using mapped
termination relations, inferred fracture origin, and
fracture-reactivation and offset relations (D.S. Sweet-
kind, written commun., 1995).

Cooling joints formed prior to tectonic fractures
and represent important discontinuities in the bedrock
that were available for reactivation during subsequent
tectonism. Faults and tectonic fractures commonly
exploit preexisting cooling joints because they are
weakness planes in the bedrock and have minimal
internal cohesion. Two sets of steeply dipping cooling
joints are present at most outcrops. The cooling joints
strike either to the northwest (C1) at about N. 45° W.
or to the northeast (C2) at N. 50° E. and dip steeply.

Primary cooling joints are more numerous in the
Azreal Ridge subdomain than in the Yucca Crest
subdomain to the south. However, more of the subse-
quent tectonic fractures are present in the Yucca Crest
subdomain. Both at the surface and in the ESF, the
Paintbrush nonwelded hydrogeologic unit (PTn)
shows relatively low fracture densities within either
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Figure 22. Equal-area lower-hemisphere stereonet of the median value of cooling joints and
tectonic-fracture sets from the Azreal Ridge and Yucca Crest structural subdomains (from

Throckmorton and Verbeek, 1995).

subdomain. However, because pyroclastic flows
within the PTn are more welded in the northern part of
the study area compared with their stratigraphic equiv-
alents to the south in the Yucca Crest subdomain, the
fracture density and hydrologic interconnectivity of
the fracture networks within the PTn unit should be
relatively greater in the Azreal Ridge subdomain.

Throckmorton and Verbeek (1995) identified
four sets of tectonic fractures within the North Ramp
area. All four sets are extensional fractures, with the
oldest set of tectonic fractures (T1) striking north-

south and dipping nearly vertically (fig. 22). The
second set of tectonic fractures (T2) strikes northwest
and generally dips steeply to the southwest. A third
set of fractures (T3) strikes northeast and also dips
nearly vertically. The fourth and youngest set of
fractures (T4) strikes east-west and is nearly vertical.
These fracture sets record noncoaxial extension
through time during Neogene Basin and Range exten-
sional tectonism.

One method of comparing and contrasting
the nature of jointing and fracturing between the
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subdomains within the study area is to examine their
distribution within each subdomain. Throckmorton
and Verbeek's (1995) data allow for partial analysis of
the spatial differences of joint and fracture develop-
ment. They examined outcrops primarily from the
upper portion of the Tiva Canyon Tuff, and many of
those units examined were in the crystal-rich member.
Therefore, generalizations presented here refer
primarily to joint and fracture development in the
upper part of the Tiva Canyon Tuff, which is important
for providing fracture-controlled pathways for surface
infiltration of water as well as near-surface pneumatic
pathways. Correlation with subsurface joint and frac-
ture data, however, is beyond the scope of this report.
This discussion, although limited in scope, provides a
comparison of fracture development in the separate
structural subdomains primarily as a tool for defining
differences in structural elements in the subdomains.
The data points in figure 22 are the median values of
the cooling joint (table 1 of Throckmorton and
Verbeek, 1995) and tectonic fracture sets (table 2 of
Throckmorton and Verbeek, 1995) measured in each
outcrop station to give a general overview of the
differences in distribution of fracture populations
between the Azreal Ridge and Yucca Crest sub-
domains (fig. 20).

Throckmorton and Verbeek (1995) studied nine
outcrop stations in the Azreal Ridge subdomain and
eight in the Yucca Crest subdomain. The median
value from each station within either the Azreal Ridge
or Yucca Crest is plotted in figure 22. In comparing
the distribution of cooling joints, more cooling joints
were recognized by Throckmorton and Verbeek
(1995) in the Azreal Ridge subdomain than in the
Yucca Crest subdomain. Of the nine stations in the
Azreal Ridge subdomain, eight contained C1 joints
and six recorded C2 joints. In the eight stations in
Yucca Crest subdomain that are within this study area,
only three contained the C1 cooling joint set, with one

-of those being nearly subhorizontal, and only one
station contained the C2 cooling joint set (fig. 22).
The conclusions reached for the Yucca Crest sub-
domain mirror those from Spengler and others (1993),
who observed that in 745 fracture measurements taken
near the Ghost Dance Fault zone (in the Yucca Crest
subdomain) there are two dominant fracture trends of
N. 40° E. and N. 50° W. Spengler and others (1993)
reported that they combined measurements of tectonic
and cooling joints, but noted that cooling joints were
often reactivated during later tectonism, thereby
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controlling the orientation of subsequent tectonic frac-
tures.

Throckmorton and Verbeek (1995) noted only
minor differences between the two subdomains in the
older T1 and T2 fracture sets. Older T1 (north-south-
trending) and T2 (northwest-trending) fracture sets are
observed in an equal number of outcrop stations in
both domains. The T1 fracture set dips steeply to the
east in the Azreal Ridge subdomain but steeply to the
west in the Yucca Crest subdomain. The T2 fractures
dip consistently to the south in the Azreal Ridge
subdomain but dip both to the north and south in the
Yucca Crest subdomain.

Throckmorton and Verbeek's data (1995)
corroborate the southward intensification of faulting
noted between the two subdomains (fig. 21).
Although 17 outcrop stations within the entire study
area do not allow a statistically rigorous assessment,
Throckmorton and Verbeek identified more sites that
contain the T3 and T4 fracture sets in the Yucca Crest
subdomain than in the Azreal Ridge subdomain
(fig. 22).

Fracture Characteristics of the Paintbrush
Nonwelded Hydrogeologic Unit

The hydrologically important Paintbrush
nonwelded hydrogeologic unit (PTn) is exposed
sporadically in outcrop within the study area and in
the ESF. The PTn unit has been defined as the strati-
graphic interval of variably welded pyroclastic
deposits within the Paintbrush Group between the base
of the densely welded part of the Tiva Canyon Tuff
and the top of the densely welded unit of the under-
lying Topopah Spring Tuff (Montazer and Wilson,
1984; Ortiz and others, 1985). This interval includes
the crystal-rich member of the Topopah Spring Tuff
above the densely welded unit, the Pah Canyon Tuff,
the Yucca Mountain Tuff, the vitric unit of the crystal-
poor member of the Tiva Canyon Tuff, and interstrati-
fied bedded tuffaceous deposits. In contrast to the
enclosing, moderately to densely welded, generally
devitrified rocks, the PTn unit includes strata with
moderate to high porosity and permeability and
generally low grain density (Montazer and Wilson,
1984; Ortiz and others, 1985; Rautman and others,
1995). As such, the PTn unit represents the first major
subsurface change in lithology and material properties.
Subsurface water flow within the welded units of the
Paintbrush Group is largely through the fracture
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networks; flow appears to be impeded at the contacts
of the PTn unit as a result of capillary barriers created
by differences in size between the pore spaces of the
PTn matrix and the fracture apertures of the welded
units (Montazer and Wilson, 1984; Kwicklis and
others, 1994). Fracture networks developed within the
PTn unit could affect the anticipated flow paths and
increase the vertical flow rates through the PTn.
Understanding the controls on PTn fracture-network
geometry, density, and connectivity is an integral part
of hydrologic and structural investigations at Yucca
Mountain.

The number of fracture sets and sequence of
fracture formation in the PTn are similar to those
documented for the welded units of the Paintbrush
Group (D.S. Sweetkind, written commun., 1995;
Throckmorton and Verbeek, 1995). A network of
cooling joints is developed where pyroclastic flows are
welded. This network consists of two orthogonal sets
that are steeply dipping and, less frequently, a third
subhorizontal set. A younger network of tectonic frac-
tures consists of at least three sets of steeply dipping
fractures, the oldest of which are oriented north-south,
followed by northwest-trending and finally northeast-
trending sets.

The relative expression of the fracture sets
within the PTn unit varies considerably with lithology
and degree of welding (D.S. Sweetkind, written
commun., 1995). Within the welded pyroclastic flows,
fracture density and connectivity increase with degree
of welding. As the degree of welding increases, the
formation of quick-cooling joints is promoted, and the
number and size of tectonic fractures increase. There-
fore, the fracture density dies out upward and down-
ward from the more welded units in the PTn. Within
the nonwelded pyroclastic deposits, fracture develop-
ment is primarily controlled by lithology. As a general
rule, increasing pumice content is correlated to
decreasing fracture density. Fracture trace lengths in
pumice-rich units are shorter, fewer fractures from
each set are present, and there is a greater proportion
of blind fracture terminations; many PTn fractures
terminate at contacts between zones of contrasting
pumice content. Clast size has a lesser role in deter-
mining fracture character; but in general, coarser units
are not as fractured as fine-grained deposits. Pumice-
rich units apparently accommodate extensional strains
without fracturing, and large lithic clasts appear to
interfere with fracture propagation.

As observed at surface exposures, overall
fracture density of the PTn unit is low, and fractures
are poorly connected within and between PTn litho-
stratigraphic units. Each of the PTn units appears to
have its own fracture network with characteristic
fracture spacing, density, and termination style;
however, most of the fractures in the PTn section are
strata-bound and terminate at welding breaks or litho-
logic breaks. Fracture density in the welded, crystal-
poor, vitric unit of the Tiva Canyon Tuff and in the
Yucca Mountain Tuff in surface exposures approaches
that documented for the other parts of the Paintbrush
Group, but connectivity is poorer. Fracture density
and connectivity for surface exposures of the
nonwelded and bedded PTn units are much lower than
for the welded units. The welding transitions at the
top and base of the PTn unit tend to limit fracture
connectivity with the welded portions of the Paint-
brush Group. In the ESF, PTn exposures have much
lower fracture densities than are observed in surface
exposures. Nearly all discontinuities are minor faults
with dips less than 75 degrees; slickensides indicate
almost exclusively dip-slip movement. These planar
zones are quite thin, generally less than 4 centimeters
(cm). Nearly all of the faults in the PTn, both at the
surface and in the ESF, have thin (less than 0.5 cm)
silica or calcite fillings. These data support the
existing hydrologic models of the PTn that assume
relatively unfractured rock and little vertical fracture
flow through the unit.

Three pyroclastic flows within the PTn unit, the
Pah Canyon Tuff, the Yucca Mountain Tuff, and an
unnamed flow within the pre-Yucca Mountain bedded
tuffs, increase in thickness and degree of welding in
the northern part of the Azreal Ridge structural sub-
domain (Moyer and others, 1995). On the basis of the
controls on fracture character discussed previously,
significant changes in structural and hydrologic prop-
erties of the PTn unit are expected from north to south
as a consequence of the depositional extent and degree
of welding of the pyroclastic flows. The PTn unit
would be expected to be more intensely fractured and
to have greater vertical continuity of fractures and
possibly greater connectivity with the Tiva Canyon
Tuff and Topopah Spring Tuff in the northern part of
the Azreal Ridge structural subdomain than in the
Yucca Crest structural subdomain.
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Summary of the Structural Setting

1. The orientation of the welded units of the Tiva
Canyon Tuff and underlying PTn units exposed
at the surface makes a gradual transition from
dominantly northeast-striking north of Drill Hole
Wash in the Azreal Ridge area to dominantly
north-trending strike directions south of Drill
Hole Wash.

2. Faults in the eastern parts of the Azreal and Yucca
Crest subdomains related to the imbricate fault
zone of Scott (1990) do not project across Drill
Hole Wash as depicted by Scott and Bonk
(1984). Although individual faults cannot be
correlated, the intense faulting that characterizes
the imbricate fault zone in the Yucca Crest
subdomain steps to the right (eastward) on the
northeast side of Drill Hole Wash in the Azreal
Ridge subdomain. This is consistent with a right-
lateral sense of offset along the Drill Hole Wash
Fault system, assuming the development of the
north-south-trending imbricate faults preceded
development of the Drill Hole Wash system.

3. West of borehole NRG#5, the Azreal Ridge sub-
domain becomes structurally coherent and
contains only a few northeast-trending faults.

4. As exposed in the ESF, the intensities of faulting
and brecciation beneath Drill Hole Wash are
much less at depth than at the surface and much
less than anticipated, based on previous borehole
and surficial geophysical studies. Although
offset is minimal, there are several splays of kine-
matically related northwest-trending faults, two
of which define the Drill Hole Wash Fault
system. There is a demonstrable decrease in
deformation with depth based on the amount of
offset on the southwesternmost splay observed in
outcrop compared with offset estimated from its
exposure in the ESE.

5. The Yucca Crest subdomain contains the Ghost
Dance and Sundance Fault zones. The sub-
domain is structurally coherent in the north in the
Diabolus Ridge area but becomes more faulted to
the south of Dead Yucca Ridge.

6. Cooling joints and tectonic fractures are preserved
in both the Azreal Ridge and Yucca Crest sub-
domains. The regional distribution of fractures,
however, indicates that more of the stations
studied in the Azreal Ridge subdomain contain
cooling joints than those to the south in the Yucca

Crest subdomain. Both the older T1 (north-
south-oriented) and T2 (northwest-trending)
tectonic fractures are present in the Azreal Ridge
and Yucca Crest subdomains. However, more of
the younger T3 (northeast-trending) and T4
(east-west-trending) tectonic fractures were
recorded to the south in the Yucca Crest sub-
domain.

7. Surface and subsurface exposures of the PTn unit
show very low fracture densities. Fracture
density is expected to be higher in the northern
part of the Azreal Ridge structural subdomain,
where pyroclastic flow units within the PTn
thicken and become welded.

UNSATURATED ZONE GASEOUS-PHASE
(PNEUMATIC) SYSTEM

Fluid flow in the unsaturated zone and the prop-
erties that control fluid flow are presented in two major
sections in this report. This section addresses the
gaseous-phase, or pneumatic, system. A subsequent
section of the report addresses the aqueous-phase, or
hydrologic, system.

Overview of the Pneumatic System

Gas and water-vapor movement through the
unsaturated zone is driven by changes in barometric
pressure, temperature-induced density differences, and
wind effects. Changes in barometric pressure at the
land surface result in corresponding changes in pneu-
matic pressure in the unsaturated subsurface. This
corresponding pressure change in the subsurface
commonly is amplitude attenuated and time lagged
relative to the pressure change at the surface. The
attenuation and lag are functions of the air perme-
ability and the associated pneumatic diffusivity of the
rock material. Temperature-induced density effects
are significant only in hilly terrain and are dominated
by drier, cooler air entering along hillsides and moving
through the subsurface. This air becomes geother-
mally heated as it moves through the rock and eventu-
ally can move vertically upward to exhaust along
hillcrests. Wind effects are significant only in hilly
terrain and are due to a drag effect along hillsides and
a lift effect along hillcrests. Wind blowing against the
side of the hill generally causes increased pressure that
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allows air to flow into the rock. Wind blowing over
the crest of the hill generally causes lower pressure
that allows air to flow out of the rock.

This report focuses on data pertaining to the
effects of barometric pressure changes and corre-
sponding pressure changes in the subsurface. In the
vicinity of the North Ramp of the ESF, no data have
been collected to assess the effects of atmospheric
temperature or wind on gas movement in the unsatur-
ated zone. Although the predominant wind direction
at Yucca Mountain is from the southeast, data
collected by the National Weather Service indicate
that the stronger winds are generally from the west or
northwest. Hence, most of the area discussed in this
report is sheltered from the stronger winds that might
affect gas movement in the unsaturated zone. Excep-
* tions within the North Ramp area might be parts of
Azreal Ridge and Little Prow (fig. 5).

The subsurface-pressure response to surface
barometric changes is dominated by the bulk pneu-
matic diffusivity of the layers of rock present at a
given location. Consequently, the subsurface
responses are controlled by the distribution and inter-
connectedness of fractures, the presence of faults and
their capacity to conduct gas and vapor, and the mois-
ture content and matrix permeability of the rock units
themselves. Specific aspects of the pneumatic system
discussed in this report include the ability of the Paint-
brush nonwelded hydrogeologic unit, vitric units, and
perched-water zones to act as impediments to the
propagation of surface barometric-pressure changes
and thus act as impediments to gas and vapor move-
ment.

Lithostratigraphic symbols and nomenclature
from table 2 that are used throughout the remainder of
this report to describe and interpret subsurface data are
shown in figure 23. Figures 24, 25, and 26 show frac-
ture density (in number of fractures per 3.05 m of
core) and core recovery (in percent missing) data for
boreholes UZ-14, SD-9, NRG-7a, NRG-6, NRG#5,
and NRG#4. The values of fracture density are the
sum of natural and indeterminate fractures; coring-
induced fractures are not included in these values. For
borehole UZ-14, the fracture-density data are from the
YMP Sample Management Facility composite bore-
hole log, except for the interval from 213 m to 259 m,
which are from the Sandia National Laboratories-
Agapito and Associates geology and rock-structure
log. For borehole SD-9, the fracture-density data are
from the YMP Sample Management Facility

composite borehole log. For boreholes NRG-7a,
NRG#5, and NRG#4, the fracture-density data are
from the Sandia National Laboratories-Agapito and
Associates geology and rock-structure logs.

The fracture-density data are presented here to
support later discussions of pneumatic, water-poten-
tial, and perched-water data. Data from each borehole
generally indicate similar characteristics that include
(1) high fracture density near the contacts between
vitric units (both crystal-rich and crystal-poor) and
nonlithophysal units, (2) relatively higher fracture
density within the nonlithophysal units as compared to
the lithophysal units, (3) relatively lower fracture
density within the Paintbrush nonwelded hydrogeo-
logic unit (PTn), and (4) very low fracture density
within the Calico Hills Formation and the Prow Pass
and Bullfrog Tuffs of the Crater Flat Group. Specific
features relevant to fracture densities and distribution
within individual boreholes are discussed in later
sections of this report.

Percent core recovery information is presented
in these figures to acknowledge the limitation inherent
in using these data for detailed analyses. Because the
fracture-density data have not been interpolated or
adjusted to account for the lack of core recovery, the
numerical value of fractures per 3-m interval cannot be
used as an accurate representation of in-situ fracture
density. The consistent trends, however, appear to be
representative of actual conditions. Core recovery can
be affected by many phenomena, such as high fracture
density resulting in broken rock, or a partial intersec-
tion of lithophysal cavities resulting in broken rock or
small sections where no rock is present; core recovery
also might be affected by the coring technology used.
Core recovery generally was poorest through the litho-
physal units, which likely is because of the presence of
the lithophysal cavities themselves.

Characterization of the Pneumatic System

In the sections that follow, results of major
studies designed to characterize the pneumatic system
in the unsaturated zone are described. The major
topics discussed are (1) pneumatic properties deter-
mined from analysis of rock cores; (2) in-situ, interac-
tive, pneumatic testing in boreholes, principally air-
permeability testing; (3) in-situ monitoring of pneu-
matic pressure in boreholes; and (4) gaseous-phase
chemistry.
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Figure 24. Fracture histograms and lithology for boreholes USW UZ-14 and USW SD-9.
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Pneumatic Properties Determined from Analysis of
Rock Cores

Large-scale pneumatic testing, such as that
discussed in later sections of this report (In-Situ
Pneumatic Tests of Boreholes and Results of In-Situ
Pneumatic Monitoring in Boreholes), encompasses
mechanisms and processes acting at a scale that
involves fractures, faults, and air-filled matrix porosity.
The contribution of the matrix of the tuff units at
Yucca Mountain to bulk air permeability depends on
the degree of fracturing in any given rock unit. If frac-
tures are present in a rock with relatively low matrix
permeability, generally there will be little or no influ-
ence of the matrix flow pathways on the resulting bulk
permeability. If bulk air-permeability measurements
are higher than those measured for the rock matrix, it
can be inferred that flow was through fractures. To
understand the pneumatic properties of the rock
matrix, core samples are used for laboratory measure-
ments of air permeability. Permeability through the
rock matrix is a function of the interconnected pores,
pore size, microfractures, and products from
secondary alteration that fill pore channels or throats.
Laboratory measurements can be done at various
water contents to simulate field conditions. Instead of
air-permeability measurements, saturated hydraulic
conductivity can be measured and, accounting for the
properties of water, can be converted to permeability
that, in theory, describes only the properties of the
media, not the fluid. Although the values of water
permeability do not necessarily coincide with those of
air permeability, these measurements can be used to
infer relative differences between lithologic units and
can provide a baseline understanding of the potential
for pneumatic flow through the matrix.

Laboratory measurements of air permeability
were made on 2.5-cm-diameter core plugs prepared
from samples obtained from horizontal boreholes
RBT1, RBT2, and RBT3 located in the Upper Tiva
Canyon Alcove (Alcove 1, fig. 5) in the ESF in the
densely welded, crystal-poor upper lithophysal unit of
the Tiva Canyon Tuff (Tpcpul). Hydrologic properties
also were measured on the core plugs, using the meth-
odology described in Flint and others (1996). Despite
the uniformity of the porosity profiles for the samples
from the three boreholes, each about 30 m in length
(fig. 27), saturation values are scattered from about
0.35 to 0.90, with most values less than 0.75.
Although some of this scatter is due to drying during
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sample handling and drilling with air, most of the vari-
ation probably is due to the high fracture permeability
to air of these rocks, which are close to the land
surface.

Air permeability for the three boreholes (fig. 28)
shows a narrow range that relates fairly linearly to
porosity, which has a mean of 0.12 for the three bore-
holes. The arithmetic mean air permeability for the
three boreholes is 1.5%1071° square meters (m2) for all
11 samples and 4.7x10'7 m? when the "outlier" from
RBT3 is excluded. The second mean value is reason-
ably close to the water permeability of 8.57x10718 m?
measured on a sample in the same lithologic unit
(located in borehole N-27) that has a similar porosity
of 0.115. The similarity indicates that the water
permeability values of welded tuffs are a useful indi-
cator of air permeability.

Samples were taken from boreholes drilled in
the North Ramp area in 1983 and 1984: UZ#4 and
UZ#5 located in Pagany Wash, G-1 in upper Drill
Hole Wash, and boreholes a#1, a#4, and a#6 in lower
Drill Hole Wash. All samples and methodologies are
described in Flint and Flint (1990). (Because these
analyses were performed prior to implementation of
the approved USGS YMP quality-assurance program,
the derived results and conclusions, although scientifi-
cally valid, are non-Q.) Slip-corrected air perme-
ability (Klinkenberg, 1941), water permeability, and
physical properties were measured on all nonwelded
core samples. The relation between log of air perme-
ability and porosity (fig. 29) shows a distribution
of permeabilities from 3.0x10"13 m? to less than
2.0x10"7 m2. The Calico Hills samples from bore-
hole G-1 are lower in permeability, approximately
2.5x10°17 m2, and the samples from the nonwelded
PTn average about 3.0x10"'4 m?. When compared to
water permeabilities measured on the same samples
(fig. 30), all samples have lower permeabilities to
water than to air. One-half of the Calico Hills samples
and four of the PTn samples deviate significantly,
possibly indicating interaction between the water and
perhaps alteration materials (clays or zeolites) that do
not occur with air. Additional measurements of water
permeability are described in the section of this report-
titled Correlation of Hydrologic Properties with Phys-
ical Lithologic Properties.

In summary, measurements of permeability on
core samples describe the matrix properties only and
are functions of interconnected pores, pore size,
microfractures in densely welded vitrophyres, and of
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Figure 27. Porosity and relative saturation for samples from three radial boreholes in Alcove 1 in the
Exploratory Studies Facility.

secondary alteration products that fill pore channels or ~ Topopah Spring Tuff. In general, the core-scale

throats. Water-permeability measurements were measurements of either air or water permeability
always lower than air-permeability measurements yet adequately describe the permeability of the matrix of
can represent the relative differences between rocks the various lithologic units and provide lower bounds
units, except where there are large degrees of alter- for analyses of bulk-permeability measurements from
ation such as in the zeolitized rocks below the borehole tests.
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Figure 28. Porosity and air permeability for three radial boreholes in Alcove 1 in the Exploratory Studies

Facility.
In-Situ Pneumatic Testing of Boreholes

The purpose of conducting pneumatic tests (air
injection) in the surface-based vertical boreholes at
Yucca Mountain is to quantify the in-situ air perme-
ability of the unsaturated tuff. Laboratory perme-
ability testing by Flint and Flint (1990) and Anderson
(1994) have provided estimates of the matrix perme-
ability values. The goal of the in-situ testing is to
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quantify the fracture-permeability values. The perme-
ability of these tuffs, combined with the pneumatic
and hydraulic gradients, controls the movement of all
fluids in Yucca Mountain. This includes the potential
transmission of water from the surface downward to
the repository horizon and the movement of gas,
including water vapor, from the repository horizon to
the surface. Variations in the tuff permeability can
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Figure 29. Air permeability corrected for Klinkenberg effects relative to porosity for nonwelded and bedded samples

from boreholes in the North Ramp area.

result in perched-water zones, preferential pathways,
and capillary barriers. These variations are evident
between stratigraphic units and within individual
stratigraphic units.

Pneumatic Testing Methods

The surface-based air-permeability testing
equipment consists of state-of-the-art hydraulic, pneu-
matic, and electrical systems that allow the installation
of pneumatic packers to isolate selected test intervals
in the boreholes. Pneumatic testing (air injection)

is then performed on the isolated test interval (see
fig. 31).

The four packers are assembled end to end,
connected by aluminum pipe, forming a packer
assembly with three intervals between the four
packers. Each of the intervals contains a pressure
transducer for measuring absolute pressure and a ther-
mistor for measuring temperature. The middle air-
injection interval is the test interval. The two end
intervals are called guard intervals. The packer system
is connected to the surface with a tubing bundle that
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samples from boreholes in the North Ramp area.

12

contains (1) electrical cable for powering and moni- interval at a constant flow rate of 1.0 to 1,500.0 stan-
toring the instruments, (2) nylon tubing for inflation of ~ dard liters per minute (slpm). The injected air causes
the packers and injection of air, and (3) a steel cable to
support the weight of the packers and tubing bundle.
The packer assembly is lowered and raised in the bore-
hole with a surface-mounted hydraulic winch. The
instruments are powered and monitored and the data

pressure and temperature responses in the test and
guard intervals. The data from the pressure transducer
and thermistor are then converted into engineering
units of pressure and temperature. The pressure and

are recorded by data loggers at the surface. When a temperature responses are used to calculate the perme-
test interval is located, the packer assembly is lowered ~ ability of the test interval. The purpose of the guard
to the selected interval, and all four packers are intervals is to monitor for leakage around the packers
inflated. Air is then injected downhole into the test isolating the test interval.
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Figure 31. Schematic of pneumatic (air injection) testing
system.

Analysis of Pneumatic Tests

The analysis method and model that were used
in analyzing the pneumatic testing were originally
developed for incompressible fluids. Modification to
deal with compressible fluids (air or other gas) and
model geometry requires the following assumptions.
1. The ideal gas law applies and, therefore, the

compressibility of the gas is inversely related to
the pressure.

2. The system is isothermal and, therefore, the gas
density and viscosity, which are both temperature
dependent, remain constant.

3. Gravitational effects can be excluded.

4. Flow is laminar.

5. The medium is homogeneous, isotropic, and incom-
pressible.

Steady-state analysis was used to evaluate the
injection-interval pressure response. The analysis uses
a modified version of the Hvorslev (1951) solution for
steady-state elliptical flow (equation 1). The complete

derivation of the equation is presented in LeCain
(1997).

k= (D

where

k = permeability, in square meters;

P, = pressure at standard conditions, in pascals;

Q.= flow at standard conditions, in cubic

meters per second;

W = dynamic viscosity, in pascal-seconds;

L =length of injection interval, in meters;

r,,= well radius, in meters;

Tf: formation temperature, in kelvins;

P,= final pressure, in pascals;

P = starting pressure, in pascals; and

T, .= temperature at standard conditions, in

kelvins.

To deal with the assumption that the system is
isothermal, injection pressures were limited to mini-
mize temperature changes caused by gas expansion,
and thermistors were installed to monitor any tempera-
ture changes.

The assumption that gravitational forces can be
excluded is reasonable because the increased pressure
from the weight of the higher density gas is small
compared to the injection pressure.

Evaluation of the nonlaminar influences is
done by conducting steady-state testing at different
gas-injection rates. An arithmetic plot with the
steady-state AP2 on the y-axis and the gas-injection
rate on the x-axis is prepared. If the plot is a straight
line passing through the origin, the flow is laminar; if
not, the permeability may not be independent of the
flux. Textbooks on porous media flow (Dullien, 1992)
provide methodologies for dealing with the non-
linearity due to inertial influences. This methodology
also might be applied to turbulent flow in fractured
media. The methodology consists of testing at
increasing gas-injection rates and using the Forch-
heimer method to estimate the inertial coefficient and
ultimately the Darcian flow permeability; this would
require a minimum of six tests per test interval. Air-
injection testing by LeCain (1995) in moderately
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welded tuff near Superior, Ariz., indicated that, if the
differential pressure was limited to a maximum of
160 kilopascals (kPa), air-injection testing in both
fractured and nonfractured intervals showed no
apparent decrease in permeability with increasing flow
rates. On the other hand, Sully and others (1993),
while testing in desert alluvium, found that in some
test intervals inertial effects could be seen when differ-
ential pressures were as small as 10 kPa. Because the
Yucca Mountain study plan (U.S. Department of
Energy, written commun., 1991) for Site Characteriza-
tion Plan (U.S. Department of Energy, 1988) activity
8.3.1.2.2.3.2 (Site Vertical Borehole Studies) called
for air-injection testing in as many as 29 bereholes, the
decision was made to try to keep the air-injection
testing in the laminar-flow range and to minimize the
number of repetitive tests. This was to be accom-
plished by limiting air-injection rates in an attempt to
limit the resulting differential injection pressures to a ,
maximum of 30 kPa. Three tests at different flow rates
were conducted on each test interval. The three
steady-state AP? values were then plotted against flow
rate and the plot examined for linearity.

The homogeneous and isotropic assumptions
are questionable in most test situations and are even
more suspect when testing in fractured rock. Frac-
tures, by their nature, are not isotropic, and the fact
that fractures are present in a low-permeability matrix
means that the rock is not homogeneous. The ration-
ale used to justify these assumptions involves consid-
eration of the scale of testing and the representative
elementary volume (REV). In the simplest terms, the
REV is the minimum sample size at which variability
in properties is averaged out so that the rock may be
considered homogeneous. Testing of a fractured
medium at a scale smaller than the REV will mean the
test response is controlled by the localized fracture
geometry. Tests conducted at a scale larger than the
REV may result in the loss of information on the vari-
ability that exists in even the most consistent rock
formations. The testing goal was to select test inter-
vals that were long enough to intercept enough frac-
tures so that the flow system behaved as an equivalent
porous medium, yet short enough to measure vari-
ability in properties within the REV. The test-interval
lengths selected were about 3 m for borehole NRG-7a
and about 4 m for NRG-6. The test-interval lengths
were selected on the basis of the fracture densities
from the Agapito and Associates (1995a, b) core logs.
The lengths for the two boreholes are different because

different borehole diameters, 15 and 20 cm, respec-
tively, required that modifications be made to the
packer systems.

Because the air permeability of a rock changes
with water content, a given permeability also has an
associated capillary pressure. Capillary pressure is the
pressure difference across the interface between the
gas and liquid phases. Capillary pressure increases
when this interface is confined to smaller pores or
fractures and decreases as this interface moves to
larger pores and fractures. The larger pores and frac-
tures are potentially the most conductive features but
also have the lowest capillary pressures except under
very wet conditions, which are rare. Using the capil-
lary equations of Bikerman (1958), it is possible to
approximate the size of the pores and fractures that
will be dry at a given capillary pressure and,
conversely, the size of pores and fractures from which
water would be displaced if the injection pressure
exceeded the capillary pressure. Testing in NRG-7a or
NRG-6, however, showed no indication that water had
been forced from the fractures or matrix. Had this
occurred, alteration of the rock water content would
have been identified as a negative slope in the plot of
test-interval pressure response (LeCain, 1995). This
means that the in-situ capillary pressures of the tuff
were larger than the injection pressures and that no
water in pores or fractures was displaced by air during
testing.

Results of Pneumatic Tests

The pressure responses in the test interval and
guard intervals during test 68 in borehole NRG-7a are
shown in figure 32. Test 68 was conducted in the
Topopah Spring Tuff middle nonlithophysal unit at the
repository level. This pressure response is typical of
the tests conducted on welded and fractured tuff. The
test-interval pressure begins to rise approximately
3 seconds following the start of air injection. The
3-second delay is due to the compressibility of the
injection air and the 700-m length of the air-injection
tubing. The test-interval pressure increases for
approximately 300 seconds and reaches steady state at
96.5 kPa. The short time period required to reach
steady state supports the findings of Kearl and others
(1990), whose air-injection testing in the Bandelier
Tuff near Los Alamos, New Mexico, indicated that
"steady-state conditions were generally obtained a few
minutes after the air injection was initiated." The
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Figure 32. Arithmetic relation between absolute pressure and time in the injection and guard intervals during test 68 at

borehole USW NRG-7a.

pressure responses in the guard intervals lag those in
the test interval by approximately 10 seconds and
reach steady state at significantly lower pressures,
89.95 and 89.98 kPa. The time response lag and lower
steady-state pressures indicate that the packers have
seated properly, and the test is acceptable. The
absence of a guard-interval time lag or a pressure
response approaching that of the test interval would
indicate that the test-interval packers have not isolated
the test interval, and the test is void. Tests conducted
on the bedded tuffs show similar pressure responses
except that the guard-interval lag times are much
longer, approximately 3 minutes. This increase is due
to the higher porosity associated with matrix flow in
the bedded tuff as opposed to the fracture flow in the
welded and fractured tuff. Most of the pressure plots

have similar shapes. This indicates that the flow
geometry was stable and met test assumptions.

The log-log relation between differential pres-
sure and time for NRG-7a test 68 shown in figure 33
is used to identify periods when air flow was not
constant. The compressibility of the injection air and
length of the injection tubing can cause problems
with maintaining a constant flow rate during the early
period of a test. Assuming that the injection air
behaves as an ideal gas, the slope of a log-log plot of
differential pressure and time should not exceed 1. A
slope greater than 1 means the flow rate is increasing
at the injection interval; a slope equal to one means
that all the flow is going into well-bore storage.
Figure 33 shows that during approximately the first
25 seconds of test 68 the flow rate was not constant.
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USW NRG-7a.

This is due to the 700-m length of the injection tubing.
Because the early-time, transient flow period is short
in relation to the time allocated for the tests to reach
steady state, the transient flow did not influence any of
the test results.

A plot of the square of the steady-state differen-
tial pressures relative to flow rate for borehole
NRG-7a tests 37, 38, and 39 is shown in figure 34.
The tests were conducted on the same test interval, in
the Topopah Spring Tuff upper lithophysal unit, at

>
o
o
o

3,000 -

I

2,000 -

1,000 — »" —

DELTA PRESSURE SQUARED, IN KILOPASCALS

L | L 1 L | L
0 20 40 60 80 100

FLOW, IN STANDARD LITERS PER MINUTE

Figure 34. Arithmetic relation between steady-state
differential pressures squared and flow rate during tests 37,
38, and 39 at borehole USW NRG-7a.

flow rates of 30, 60, and 90 slpm. The plot is linear
and passes near, if not through, the origin. This indi-
cates that the flow is Darcian, and turbulence was not a
problem at this test interval. While some of the test
intervals did show turbulent influences, indicated by a
decrease in permeability with increasing flow rate, the
effect was minimized by limiting the air-injection rates
and thereby limiting the steady-state injection pres-
sures. Of the 95 test intervals in NRG-6 and NRG-7a
where multiple tests were conducted, 48 had a
minimum permeability value within 12 percent of
their maximum permeability value, and 92 were
within 30 percent. This compares well with testing to
evaluate the range of permeability values measured
when all variables are held constant. Testing in bore-
hole SD-12, located south of the North Ramp study
area, included five 300-slpm tests of a single test
interval. The permeability values were 1.6, 1.6, 1.7,
1.7, and 1.5x10712 m2, arange of 12 percent.

The permeability values with depth of the test
intervals successfully tested in boreholes NRG-7a and
NRG-6 are shown in figures 35 and 36. The perme-
ability value assigned to each test interval is from the
test that had the smallest steady-state differential pres-
sures. These permeability values had the smallest
probability of being affected by turbulent or inertial
forces. It is these test-interval permeability values that
were used to prepare the figures, tables, and statistical
analyses presented in this section of the report. The
lithostratigraphic units tested also are indicated in
these figures. Because the borehole wall of NRG-7a
was smooth and uniform in diameter, most of the bore-
hole could be tested. Permeability values ranged from
3.5%10"'% m? to 5.4x10°!! m?. Most permeability
values were between 1013 m? to 1071? m? and were
independent of the geologic units. Seven of the test
intervals had permeability values greater than 10712
m2. Of the seven, five were within 60 m of the land
surface. Of the three permeability values larger than
101! m2, all were within 20 m of the ground surface.
The borehole wall of NRG-6 was not smooth and
uniform in diameter, most notably through the PTn
bedded units and in much of the lower Topopah Spring
Tuff crystal-poor upper lithophysal unit; therefore,
these zones could not be tested. Permeability values
for the tested zones ranged from 8.2x10" 4 m? to
2.8x10"! m?. Sixteen of the NRG-6 test intervals had
permeability values greater than 10712 m2. Of the four
test intervals with permeability values greater than
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USW NRG-7a.

1o’ m2, two were within 26 m of the land surface.
Permeability values of the Topopah Spring Tuff
crystal-rich nonlithophysal unit (Tptrn) indicate a
decrease in permeability with depth.

The statistical analysis of the permeability
values of boreholes NRG-6 and NRG-7a is listed in
table 3 by hydrogeologic and lithostratigraphic unit.
The table contains the arithmetic mean, number of test
intervals, and standard deviations.

The statistical summary of all intervals tested in
the Topopah Spring Tuff in table 4 indicates that the
air permeabilities for the two boreholes are signifi-
cantly different from one another. The 34 intervals
tested in NRG-6 have a mean of 2.1x10"12 m? with a
large variance (20.2x10'12 m2), whereas the 38 inter-
vals tested in NRG-7a have a mean of 0.4x10™'2 m?
with a much smaller variance (0.16x10"12 m?). The
cumulative probability plots of the Topopah Spring
Tuff air-permeability values from NRG-6 and NRG-
7a, shown in figure 37, indicate that the values are not

normally distributed. The cumulative probability plots
of the Topopah Spring Tuff natural log air-perme-
ability values of NRG-6 and NRG-7a, shown in figure
38, indicate that the natural-log values could be
considered to be normally distributed. Because the
distribution of the permeability values is not normal, it
is necessary to use the normally distributed natural-log
values for statistical comparison. A statistical
summary of the arithmetic mean, number of tests, and
variances of the Topopah Spring Tuff natural-log air-
permeability values of boreholes NRG-6 and NRG-7a
is presented in table 5. The p-values of an F-test
between the variances and a Z-test between the means
are less than 0.01, indicating a high probability that the
means and the variances are different.

Plots of the test-interval permeability values and
the number of natural fractures in the test intervals are
shown in figures 39 and 40. The welded and fractured
tuff of NRG-6 has an average of 24.3 total fractures
and 9.3 natural fractures per test interval. The
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welded and fractured tuff of NRG-7a has an average of
9.6 total fractures and 4.3 natural fractures per test
interval. (“Total fractures” consists of fractures that
are believed to have been present prior to drilling
[natural fracture], fractures induced by the drilling and
coring, and fractures that are indeterminate.)
Goodness-of-fit values (R2) from univariate
regression analysis between air-injection permeability
values and six explanatory variables are presented in
table 6. All fracture, lithophysal, and core data are
from the borehole geology and rock structure logs
prepared by J.ET. Agapito & Associates Inc. for
Sandia National Laboratories (Agapito, 1995a, b). For
borehole NRG-7a, there is a small correlation (0.21)
between the number of total fractures and permeability
and between the number of natural fractures and
permeability (0.24). There is no correlation between
permeability and the number of indeterminate frac-
tures, percentage of lithophysal cavities, percentage of
core rubble, or percentage of core lost. Similar results

were obtained for borehole NRG-6. The small corre-
lation of permeability with fractures is surprising.
Intuitively, one would expect the correlation to be
greater. Assuming that core rubble and core lost are
due to intense fracturing, a small correlation with
permeability would be expected. The near zero corre-
lation indicates that the core characteristics may not be
associated with fracturing and that the fracture-to-
permeability correlations are not biased by rubbled or
lost core.

Interpretation of Pneumatic-Test Results

The large statistical differences between the
variances and the means of the Topopah Spring Tuff
natural-log permeability values in boreholes NRG-6
and NRG-7a (table 5) show that the data are from two
different populations. This indicates that the Topopah
Spring Tuff is heterogeneous within the North Ramp
area. Examination of figures 35 and 36 shows that the
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Table 3. Statistical summary of air-injection permeability values by hydrogeologic and lithostratigraphic unit for boreholes

NRG-6 and NRG-7a

[Mean, arithmetic mean permeability; #, number of test intervals; St. Dev., standard deviation. Permeability values are expressed as 1012 mz]

Borehole Borehole Borehole Borehole Borehole Borehole

"yd’°3n°i:"°9'° Lithostratigraphic unit NRG6 NRG6 NRG6 NRG-7a NRG-7a NRG-7a
(Mean) (#) (St. Dev.) (Mean) (#) (St. Dev.)
Tiva Canyon Tiva Canyon lower lithophysal 14.0 1 NA
welded
Tiva Canyon lower nonlithophysal hackly
Tiva Canyon lower nonlithophysal 1.3 2 1.0 25.7 2 14.9
columnar
Tiva Canyon crystal-poor vitric 3
Paintbrush Tiva Canyon crystal-poor vitric 2
nonwelded
Tiva Canyon crystal-poor vitric 1 0.2 2 0.1
bedded tuff 4
Yucca Mountain Tuff 0.3 4 0.2
bedded tuff 3 3.0 1 NA
Pah Canyon Tuff 0.2 7 0.04
bedded tuff 2
Topopah Spring crystal-rich vitric 3
Topopah Spring crystal-rich vitric 2
Topopah Spring ~ Topopah Spring crystal-rich vitric 1
welded
Topopah Spring crystal-rich nonlithophysal 2.2 20 5.0 0.2 3 0.1
Topopah Spring crystal-rich lithophysal 0.3 1 NA 0.2 3 0.1
Topopah Spring upper lithophysal 4.1 5 44 0.3 9 0.1
Topopah Spring middle nonlithophysal 1.1 7 0.9 0.6 6 0.8
Topopah Spring lower lithophysal 0.4 15 0.3

permeability values from NRG-6 have a larger range
than those measured in NRG-7a. The Topopah Spring
Tuff permeability values from NRG-7a generally are
truncated at 1012 m2. The truncation is not induced
by drilling because the NRG-7a Tiva Canyon test
intervals, which were exposed to drilling influences
for a longer time period than the deeper Topopah
Spring Tuff test intervals, have permeability values
greater than 10" m2. One possible explanation is the
difference in fracture density. On average, borehole
NRG-7a has one-half the total fracture density of
NRG-6. Note, however, that the largest permeability
values measured are in the upper 20 m of borehole
NRG-7a and that the shallower depths also are an
exception to the fracture distribution. The average
total fracture density per test interval in the upper three
intervals of NRG-7a is 26.3, whereas the average
number of total fractures per test interval in NRG-6 is
24.3. Although the regression analysis indicates only

Table 4. Statistical summary of Topopah Spring Tuff
air-injection permeability values for boreholes NRG-6 and
NRG-7a

[Permeability values are expressed as 1012 square meter]

Topopah Spring Tuff

. ot Number of "
Borehole alf-perm.eablhty Seat kforvals Variance
arithmetic mean
NRG-6 21 34 20.2
NRG-7a 0.4 38 0.16

a small correlation between fracture density and
permeability, these data indicate that increasing frac-
ture density leads to increased permeability values.
The exact cause and effect between the number of
fractures and the permeability value is unclear, as
correlation analysis has shown. The relation may be a
function of fracture aperture. In this concept, only one
or a few fractures with large apertures will result in a
high permeability value, while test zones with dozens
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Table 5. Statistical summary of Topopah Spring Tuff
natural-log air-permeability values for boreholes NRG-6
and NRG-7a and results of Z-test of the means and F-test
of variances

of small aperture fractures have low permeability
values. This concept explains the minimal correlation
between fracture number and permeability. In addi-
tion, assuming that the fracture aperture distribution is

[< less than] constant, the overall permeability of a geologic unit
. would increase as the fracture density increases. At
Topopah Spring 5 . . .
Tuff air- Number of qus point, no gec?loglc structure or feature can pe iden-
Borehole permeability test Variance tified as influencing the different fracture-density and
.;‘ha‘”'ta."bg intervals permeability values seen in the two boreholes. Both
s el boreholes are on the edge of the Drill Hole Wash Fault
NRG-6 1.27.83 34 1.7 zone, and both are in the Yucca Crest subdomain.
NRG-7a 1.28.88 38 220.6 In-situ testing produced permeability values
Z-test p-value <0.01 for the welded units that ranged from 3.5x107% m? to
F-test p-value <0.01 5.4x10"'!' m?. This range indicates that, at the scale

!p-value from Z-test of means is less than 0.01.
2p-value from F-test of variances is less than 0.01.

of testing (approximately 4 m), the formations are
heterogeneous. Water-injection testing of Yucca
Mountain welded tuff core samples by Anderson
(1994) showed permeability values that ranged from
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Figure 39. Relation between test-interval permeability values and the number of natural fractures identified in the test interval
at borehole USW NRG-7a.
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Figure 40. Relation between test-interval permeability values and the number of natural fractures identified in the test interval

at borehole USW NRG-6.

less than 1.04x102! m? to 7.2x10°15 m2. The differ-
ence in permeability reflects the testing procedure
used—fracture flow dominates the in-situ testing,
whereas matrix flow dominates the core testing. The
Agapito & Associates structural logs (Agapito, 1995a,
b) show that most of the fractures in the North Ramp
area are near vertical. This dominant fracture orienta-
tion can cause a sampling bias when testing in vertical
boreholes. A vertical borehole will intersect fewer
fractures than a horizontal borehole. A formation
dominated by vertical fractures has a high probability
of being anisotropic with a vertical permeability that
may be significantly larger than the horizontal perme-
ability. Another possible source of bias may be
associated with the increased fracture density and
greater permeability values measured at shallow
depths. Although only seven intervals were tested in
the Tiva Canyon Tuff, these data indicate that the Tiva
Canyon Tuff is more permeable than the Topopah
Spring Tuff. It is possible that the larger permeability

Table 6. Goodness-of-fit values (R?) from univariate regres-
sion analysis between air-injection permeability values and six
explanatory variables

[<, less than]
Independent variable BoreholezNRGJa Borehole2 NRG-6
(R%) (R%)
Number of total fractures 0.21 0.10
Number of natural fractures 0.24 0.22
Number of indeterminate 0.04 <0.01
fractures
Percent lithophysal cavities 0.01 0.01
Percent core rubble 0.01 <0.01
Percent core lost 0.04 <0.01

values may be due to stress-relief fracturing or stress-
relief opening of fractures associated with the lower
overburden pressures.

In-situ permeability values of the Paintbrush
nonwelded hydrogeologic unit (PTn) ranged from
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0.12x10"12 m? to 3.0x10712 m?, and at the scale of
testing (approximately 4 m), the PTn is vertically
heterogeneous. The mean of the 14 intervals tested in
NRG-7a is 0.58x10"12 m?. Matrix air-permeability
testing by Flint and Flint (1990) showed the range of
permeabilit 3/ values of the Yucca Mountain Tuff to be
0.005x10"1* m? t0 0. 31x10 2 m? and the Pah Canyon
Tuff to be 0.002x10712 m? to 0.11x10712 m
Although the in-situ data base is very small, the data
indicate that the permeability values from in-situ
testing are greater than the matrix permeability values.
On the basis of the limited in-situ data base from a
single borehole, NRG-7a, comparison with the matrix
values indicates that the PTn has secondary perme-
ability due to fracturing.

Results of In-Situ Pneumatic Monitoring in
Boreholes

As a part of the Yucca Mountain site-character-
ization project, several deep boreholes in the unsatur-
ated zone have been instrumented and continuously
monitored to record changes in pneumatic pressure at
depth. The purposes of pneumatic monitoring are
threefold: (1) to measure in-situ pneumatic-pressure
response to atmospheric pressure changes in order to
determine the influence of lithostratigraphy, bulk prop-
erties, and major structural features on the natural
gaseous-phase circulation system; (2) to utilize the
response of the system at depth to changes in atmo-
spheric pressure to estimate pneumatic diffusivities
and, ultimately, effective gas permeabilities of the
lithostratigraphic layers; and (3) to document and
quantify the effects of excavation of the ESF North
Ramp on in-situ pneumatic pressure and on the overall
gaseous-phase-circulation system.

In-Situ Pneumatic-Pressure Response to
Atmospheric Pressure Change

In-situ pneumatic pressures have been moni-
tored in eight boreholes within the North Ramp Study
Area. Two of these boreholes, UZ#4 and UZ#5, are
located in Pagany Wash; one borehole, NRG#4, is
located near the crest of Azreal Ridge, which forms
the drainage divide between Pagany Wash and Drill
Hole Wash; and the remaining five boreholes, UZ-1,
SD-9, NRG-7a, NRG#3, and NRG-6, are located in
Drill Hole Wash (fig. 21). UZ-1, NRG-6, NRG-7a,
UZ#4, and UZ#5 were instrumented with downhole
pressure transducers that measure absolute pneumatic
pressure. Individual monitoring stations in these bore-
holes were back-filled or packed with porous stem-
ming materials (polyethylene beads or coarse sand) to

couple the monitoring zone to the formation rock of
interest. Isolation of individual instrument stations in
these boreholes was achieved with intervening lifts of
stemming materials consisting of grout and sand
(Kume and Rousseau, 1994; J.P. Rousseau, U.S.
Geological Survey, written commun., 1995), and in the
case of UZ-1, with alternating lifts of grout, silica
flour, and bentonite (Montazer, 1987). Monitoring at
NRG#4 also was accomplished with downhole pres-
sure transducers that measure absolute pressure. Indi-
vidual monitoring stations in this borehole are isolated
from each other with a string of inflatable packers
(Multimedia Environmental Technology, Inc., 1995).

At NRG#5, downhole pressures are sensed at
the land surface through individual tubes that are
connected to open ports located along the length of an
impermeable membrane liner. The liner is inflated to
seal the formation wallrock from direct communica-
tion with the atmosphere. Pressures are measured
using a differential pressure transducer at the land
surface that is referenced to atmospheric pressure at
the time measurements are taken. A second pressure
transducer is used to measure absolute atmospheric
pressure. This measurement is added back to the
differential pressure measurement to compute the
pneumatic pressure potential at the location of the
sensor port. Pressure due to the weight of the column
of air in the tube is not included in the measurement.

At SD-9, pneumatic pressures also were
measured at the land surface in a manner similar to
that for NRG#5. Downhole pressures, however, were
sensed through access tubes inserted into the annular
spaces between a pair of nested casings (Zone 2) and
between the outer casing and formation wallrock
(Zone 1). Zone 1 represents a composite pressure
measurement from the PTn and the Topopah Spring
Tuff; measurements from Zone 2 represent pressures
within the Calico Hills Formation between a zone of
perched water located at a depth of 413 m and the
water table (see section of this report titled Occur-
rences of Perched Water in the Vicinity of the Explor-
atory Studies Facility North Ramp). The locations
of monitoring stations in each instrumented borehole
within the North Ramp study area are shown in
figure 41.

Pneumatic pressure records for instrument
stations in monitored boreholes within the North
Ramp study area are reproduced in figures 42
through 60. Records are presented by borehole (from
northwest to southeast across the study area) in the
following order: UZ-1, SD-9, NRG-7a, NRG#5,
NRG-6, NRG#4, UZ#4, and UZ#5.
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Figure 41. Locations of instrument stations in monitored boreholes within the North Ramp study area.
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Figure 42. Pneumatic pressure records for instrument stations 1, 2, 3, 4, 5, and 6
located in the Paintbrush nonwelded hydrogeologic unit at borehole USW UZ-1.
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Figure 43. Pneumatic pressure records for instrument stations 7, 8, 9, 10, 12, 13,
and 15 located in the Topopah Spring welded hydrogeologic unit at
borehole USW UZ-1.
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Figure 44. Pneumatic pressure records for the Zone 1 instrument station located in
the Topopah Spring welded hydrogeologic unit and the Paintbrush nonwelded
hydrogeologic unit, the Zone 2 instrument station located in the Calico Hills

nonwelded hydrogeologic unit, and instrument station 0 located at the land surface
at borehole USW SD-9.
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Figure 45. Pneumatic pressure records for instrument station D located in the
Paintbrush nonwelded hydrogeologic unit, instrument station E located in the Tiva

Canyon welded hydrogeologic unit, and instrument station L located at the land
surface at borehole USW NRG-7a.
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Figure 46. Pneumatic pressure records for instrument stations A, B, and C located
in the Topopah Spring welded hydrogeologic unit at borehole USW NRG-7a.
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Figure 47. Pneumatic pressure records for instrument station 0 located at the land
surface and instrument stations 1 and 2 located in the Tiva Canyon welded hydro-
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Figure 48. Pneumatic pressure records for instrument stations 3, 4, and 5 located
in the Paintbrush nonwelded hydrogeologic unit at borehole UE-25 NRG#5.
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Figure 49. Pneumatic pressure records for instrument stations 6, 7, 8, and 9 located
in the Topopah Spring welded hydrogeologic unit at borehole UE-25 NRG#5.
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Figure 50. Pneumatic pressure records for instrument stations 10, 11, 12, 13,
and 14 located in the Topopah Spring welded hydrogeologic unit at borehole
UE-25 NRG#5.
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Figure 51. Pneumatic pressure records for instrument stations F and G located in
the Paintbrush nonwelded hydrogeologic unit and instrument station L located at the
land surface at borehole USW NRG-6.
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Figure 52. Pneumatic pressure records for instrument stations A, B, C, D, and E
located in the Topopah Spring welded hydrogeologic unit at borehole USW NRG-6.
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Figure 53. Pneumatic pressure records for instrument station 0 located at the land
surface, instrument stations 1 and 2 located in the Tiva Canyon welded hydrogeo-
logic unit, and instrument station 3 located in the Paintbrush nonwelded
hydrogeologic unit at borehole UE-25 NRG#4.
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Figure 54. Pneumatic pressure records for instrument stations 4, 5, 6, and 7 located
in the Topopah Spring welded hydrogeologic unit at borehole UE-25 NRG#4.
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Figure 55. Pneumatic pressure records for instrument station M located at the land
surface, instrument station G located in the Tiva Canyon welded hydrogeologic unit,
and instrument station H located in the Paintbrush nonwelded hydrogeologic unit at
borehole UE-25 UZ#4.
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Figure 56. Pneumatic pressure records for instrument stations C, D, E, and F
located in the Paintbrush nonwelded hydrogeologic unit at borehole UE-25 UZ#4.
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Figure 57. Pneumatic pressure records for instrument station A located in the
Topopah Spring welded hydrogeologic unit and instrument station B located in the
Paintbrush nonwelded hydrogeologic unit at borehole UE-25 UZ#4.
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Figure 58. Pneumatic pressure records for instrument station M located at the land
surface, instrument station H located in the Tiva Canyon welded hydrogeologic unit,
and instrument station G located in the Paintbrush nonwelded hydrogeologic unit at
borehole UE-25 UZ#5.
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Figure 59. Pneumatic pressure records for instrument stations C, D, E, and F
located in the Paintbrush nonwelded hydrogeologic unit at borehole UE-25 UZ#5.
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Figure 60. Pneumatic pressure records for instrument station A located in the
Topopah Spring welded hydrogeologic unit and instrument station B located in the
Paintbrush nonwelded hydrogeologic unit at borehole UE-25 UZ#5.

For the most part, these records represent all of
the pneumatic pressure data that were available as of
December 31, 1995. Only a portion of the pressure
record for UZ-1 is reproduced. This borehole was
instrumented in October 1983 and monitored through
October 1987. Because of sensor drift problems, only
the early-time pressure records for all but two instru-
ment stations in this borehole (stations 11 and 14) are
considered reliable. Furthermore, the pressure data
collected from UZ-1 are non-Q because they were
collected prior to implementation of the fully
approved USGS YMP QA program. Similarly, the
pressure data collected from NRG#4 are non-Q
because they were not collected under an approved
Yucca Mountain Project quality-assurance program.
Nevertheless, the pressure data from these boreholes
are important for purposes of characterizing the pneu-
matic system in the North Ramp study area because
the UZ-1 record includes data from the deeper parts of
the Topopah Spring Tuff that are not available from
other monitored boreholes. Additionally, qualitative
application of the data from both UZ-1 and NRG#4
tend to corroborate and support observations made
elsewhere, especially with regard to the pneumatic
characteristics of the Paintbrush nonwelded hydrogeo-
logic unit.

The pressure data presented cover time periods
that range from less than 6 months (UZ-1, NRG#5,

UZ#4, and UZ#5; figures 42, 43, 47-50, and 55-60)
to 9 months (NRG#4, figures 53 and 54) and up to

1 year (NRG-6, NRG-7a, and SD-9; figures 4446, 51,
and 52). The longer period records include downhole
pressure measurements that cover most of the annual
barometric pressure cycle, undisturbed by interference
from excavation of the North Ramp tunnel. Seasonal
components of the annual barometric pressure cycle
are characterized by high frequency, large-amplitude
synoptic (up to five times larger than the diurnal
signal) pressure signals during the fall and winter and
by lower frequency, smaller amplitude synoptic pres-
sure signals during the spring and summer. Mean
atmospheric pressures also are higher during the fall
and winter than during the spring and summer. The
first observed occurrences of tunnel-induced pneu-
matic interference effects are shown in the pressure
records of all monitored boreholes provided in this
section. These interference effects were observed in
NRG#4, UZ#4, UZ#5, NRG#5, NRG-6, NRG-7a, and
SD-9.

Undisturbed, in-situ pressure data, those
obtained prior to the onset of North Ramp tunnel inter-
ference, were used to estimate pneumatic diffusivities
of individual and combined stratigraphic layers
bounded by monitoring stations (see the section of this
report titled Determination of Pneumatic Diffusivity).
In-situ pressure data, both prior to and after the onset
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of North Ramp tunnel interference, were analyzed
using cross-spectral estimation techniques (Bendat
and Piersol, 1986) to describe the character of the
time-varying response of in-situ pressure to changes in
the synoptic barometric signal.

The power spectral density of barometric pres-
sure and the transfer function from barometric pres-
sure to in-situ pressure were estimated using the
Spectrum subroutine from the Matlab Signal
Processing Toolbox (Little and Shure, 1988). Gener-
ally, this subroutine uses Fourier transform algorithms
that can detect narrow-band frequency signals that are
buried in wide-band noise. The barometric signal is a
broad frequency-band pressure fluctuation that
contains predominant semidiurnal, diurnal, and longer
period (synoptic) frequencies. The synoptic frequen-
cies, associated with the passage of storm fronts,
provide a longer term pressure fluctuation and, there-
fore, provide a better developed downhole pressure
response. For these analyses, the synoptic barometric
frequency having the greatest power spectral density at
each borehole was selected, and the residual amplitude
(RA) and phase lag (PL) of that signal at each down-
hole sensor were calculated using the following rela-
tions:

RA = (Ré? + Im? )0'5 and PL = tan! (Im/Re)(rate of
measurement)

where

Re and Im are the real and imaginary parts of

the transfer function, respectively.

Table 7 shows the calculated residual amplitude
and phase lag for each sensor, along with the period of
record and synoptic period analyzed for each indi-
vidual borehole before the effects of North Ramp
tunnel interference. The results of the cross-spectral
analysis of data collected after the onset of tunnel
interference are discussed in the section of this report
titled Effects of Excavation of the North Ramp on
In-Situ Pneumatic-Pressure Measurements.

The computed phase lags and residual ampli-
tudes of the in-situ pressure data indicate that indi-
vidual lithostratigraphic units can be grouped
conveniently into four distinct pneumatic systems:

(1) the Tiva Canyon welded (TCw) hydrogeologic
unit, which consists of the welded units of the Tiva
Canyon Tuff; (2) the Paintbrush nonwelded (PTn)
hydrogeologic unit, which consists of the crystal-poor

UNSATURATED ZONE GASEOUS-PHASE (PNEUMATIC) SYSTEM

vitric base of the Tiva Canyon Tuff (Tpcpvl,2), the
Yucca Mountain and Pah Canyon Tuffs and associated
bedded tuffs, and the crystal-rich vitric units at the top
of the Topopah Spring Tuff (Tptrv2,3); (3) the
Topopah Spring welded (TSw) hydrogeologic unit,
which consists of the welded lithophysal and nonlitho-
physal units of the Topopah Spring Tuff; and (4) the
Calico Hills nonwelded hydrogeologic unit (Chn),
which consists of the moderately welded and
nonwelded units at the base of the Topopah Spring
Tuff (Tptpv1,2), the pre-Topopah Spring Tuff bedded
tuff (Tpbtl), the nonwelded tuffs of the Calico Hills
Formation, and the pre-Calico Hills Formation bedded
tuff. This grouping is consistent with the definition of
the major hydrogeologic units presented in table 2.
The responses observed in each of these pneumatic
systems to the propagation of atmospheric pressure
changes from land surface to depth are discussed in
the sections that follow.

Pressure Response in the Tiva Canyon
Welded Hydrogeologic Unit

For the most part, pneumatic pressure records
for the Tiva Canyon welded hydrogeologic unit (TCw)
display very little attenuation and lagging of the
synoptic pressure signal (figs. 45, 47, 53, 55, and 58).
One significant exception is the pneumatic pressure
record from station G located at the base of the
Tiva Canyon Tuff columnar unit at NRG-6 (fig. 51).
Table 7 indicates that the residual amplitude of the
pressure signal at this instrument station is only
43 percent of the synoptic signal and that its phase lag
is on the order of 9.6 hours. These spectral parameters
are significantly different from those of other pressure
records from the TCw monitoring stations. The
residual amplitudes of the synoptic signal from all
other monitoring stations in the TCw are on the order
of 97 percent or greater, and phase lags in these
stations are less than 5 hours. Comparison of the
residual-amplitude and phase-lag data for NRG-6 for
the periods 2/23/95 to 6/10/95 (table 7) and 6/18/95 to
12/31/95 (table 14 in the section of this report titled
Effects of Excavation of the North Ramp on In-Situ
Pneumatic-Pressure Measurements) indicates that a
significant change occurred in the residual amplitudes
and phase lags of all instrument stations in this bore-
hole. At station G, the residual amplitude increased
from 43 percent to 66 percent, and the phase lag
decreased from 9.6 hours to 2.1 hours. It is unlikely
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Table 7. Spectral analyses of in-situ pneumatic-pressure responses to the synoptic barometric-pressure signal before

interference from excavation of the North Ramp tunnel

[N/A, not analyzed; N/D, no data available]

Period of etk el
: . : ; amplitude Phase
Borehole analysn_s lnstru.ment thhostrat.lgraphlc (percent of lag
(synoptic station unit :
fraquency) sy.noptlc (hours)
signal)
NRG#4 03/29/95 1 Tiva Canyon hackly (Tpcplnh) 96 1.1
(Non-Q) to 2 Tiva Canyon columnar (Tpcplnc) 96 1.1
5i1062s 3 Pah Canyon Tuff (Tpp) 50 15.0
(128 hours) 4 Topopah Spring crystal-rich nonlithophysal 15 39.3
(Tptrn)
5 Topopah Spring crystal-rich nonlithophysal 15 394
(Tptrn)
6 Topopah Spring crystal-rich nonlithophysal 15 39.2
(Tptrn)
) Topopah Spring upper lithophysal 15 40.8
(Tptrl, Tptpul)
UZ#4 " 07/21/95 H Alluvium/Colluvium (OTac) N/A N/A
to G Tiva Canyon crystal-poor vitric (Tpcpv) N/A N/A
07/31/95
E Yucca Mountain Tuff (Tpy) 21 15.9
(128 hours) E Yucca Mountain Tuff (Tpy) 21 16.5
D Pah Canyon Tuff (Tpp) 21 20.3
C Pah Canyon Tuff (Tpp) 16 26.5
B Topopah Spring crystal-rich vitric (Tptrv) 15 23.7
A Topopah Spring crystal-rich nonlithophysal 16 229
(Tptrn)
UZ#5 07/21/95 H Tiva Canyon columnar (Tpcplnc) N/A N/A
to G Tiva Canyon crystal-poor vitric (Tpcpv) 62 0.3
07131195 F Yucca Mountain Tuff (Tpy) 19 10.9
(128 hours) E Yucca Mountain Tuff (Tpy) 15 20.3
D Pah Canyon Tuff (Tpp) 14 20.5
€ Pah Canyon Tuff (Tpp) 15 21.2
B Pre-Pah Canyon Tuff bedded tuff (Tpbt2) 15 19.8
A Topopah Spring crystal-rich nonlithophysal 14 20.5

(Tptrn)
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Table 7. Spectral analyses of in-situ pneumatic-pressure responses to the synoptic barometric-pressure signal before

interference from excavation of the North Ramp tunnel—Continued

[N/A, not analyzed; N/D, no data available]

Period of Resi_d -
. , X . amplitude Phase
Borehole analy3|.s Instru'ment thhostrat'lgraphlc (percent of lag
(synoptic station unit ;
traquaney) sy'noptlc (hours)
signal)
NRG#5 08/21/95 1 Tiva Canyon upper lithophysal (Tpcpul) N/D N/D
to 2 Tiva Canyon c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>