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Proposed Stratigraphic Nomenclature and Macroscopic
|dentification of Lithostratigraphic Units of the
Paintbrush Group Exposed at Yucca Mountain, Nevada

By David C. Buesch, Richard W. Spengler, Thomas C. Moyer, and Jeffrey K. Geslin

Abstract

This paper describes the formations of the
Paintbrush Group exposed at Yucca Mountain,
Nevada, presents a detailed stratigraphic nomen-
clature for the Tiva Canyon and Topopah Spring
Tuffs, and discusses the criteria that define lithos-
tratigraphic units. The Tiva Canyon and Topopah
Spring Tuffs are divided into zones, subzones, and
intervals on the basis of macroscopic features
observed in surface exposures and borehole sam-
ples. Primary divisions reflect depositional and
compositional zoning that is expressed by varia-
tions in crystal content, phenocryst assemblage,
pumice content and composition, and lithic con-
tent. Secondary divisions define welding and
crystallization zones, depositional features, or
fracture characteristics. Both formations are
divided into crystal-rich and crystal-poor members
that have an identical sequence of zones, although
subzone designations vary slightly between the
two units. The identified lithostratigraphic divi-
sions can be used to approximate thermal-
mechanical and hydrogeologic boundaries in the
field. Linking these three systems of nomencla-
ture provides a framework within which to corre-
late these properties through regions of sparse
data.

INTRODUCTION

Yucca Mountain, Nevada, is being evaluated as a
potential site for a high-level radioactive-waste reposi-
tory. Yucca Mountain is in the southwestern Nevada
volcanic field (SNVF), south of the Timber Mountain
and Claim Canyon calderas (fig. 1) that were the
sources for the volcanic rocks exposed in this area
(Byers and others, 1976a and b; Christiansen and oth-
ers, 1977). The SNVF was active from 15.1 to
7.5 million years (Sawyer and others, 1994), with the
Paintbrush Group, comprising most of Yucca Moun-

tain, erupted between 12.8 and 12.7 Ma (Sawyer and
others, 1994). The Paintbrush Group is composed of
four formations (Sawyer and others, 1994): the region-
ally extensive ignimbrites of the Tiva Canyon and
Topopah Spring Tuffs and the comparatively less
extensive ignimbrites of the Yucca Mountain and Pah
Canyon Tuffs, in addition to several informally named
lava flows and their associated tuffaceous rocks (Byers
and others, 1976a and b; Scott and Bonk, 1984; Frizzell
and Shulters, 1990; Broxton and others, 1993).

Historically, the lithostratigraphic units at Yucca
Mountain were defined by their petrologic features
(Byers and others, 1976a and b) and for some units, the
weathering characteristics of surface exposures (Scott
and Bonk, 1984). Increased underground activity,
including logging of core from boreholes and mapping
in the Exploratory Studies Facility, necessitates identi-
fication of lithologic units and a stratigraphic nomen-
clature that is not tied to weathering characteristics of
surface exposures. Studies of the hydrogeologic and
thermal-mechanical properties of these units produced
additional systems of stratigraphic nomenclature that
are used in the site evaluation process (Office of Civil-
ian Radioactive Waste Management, 1988; Rautman
and Flint, 1992; Wittwer and others, 1992).

In this report, the diverse stratigraphic nomen-
clatures of the Paintbrush Group are linked to a com-
mon lithostratigraphic framework that is based on the
recently revised large-scale stratigraphy of the SNVF
(Minor and others, 1993; Ferguson and others, 1994;
Sawyer and others, 1994). Lithostratigraphic forma-
tions and members are divided into zones, subzones,
and intervals using macroscopic features of the rocks
as they appear in core and outcrop. The criteria used
includes attributes developed by both primary pro-
cesses (depositional character, phenocryst content and
assemblage) and secondary processes (degree of weld-
ing, devitrification and vapor-phase crystallization,
fracture habit). Subdivisions closely approximate
those defined by laboratory studies of hydrogeologic
(Rautman and Flint, 1992; Wittwer and others, 1992)
and thermal-mechanical properties (Ortiz and others,
1985). Thus, it may be possible to correlate the

Abstract 1
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hydrologic and thermal-mechanical zones throughout
Yucca Mountain by developing a three-dimensional
model of the distribution of the proposed lithostrati-
graphic units. These units can be further delimited as
information is incorporated from petrographic and
geochemical studies, geophysical logs, and borehole
televiewer logs.

The system of lithostratigraphic unit identifica-
tion and nomenclature presented in this report provides
a consistent framework for many of the investigations
at Yucca Mountain that span a wide range of scales
from small scale (greater than 1:6,000) to detailed stud-
ies at scales of 1:100 or less. For small scale studies,
which include regional mapping and site-scale numer-
ical modeling of the mountain, the rank of zone in the
welded ignimbrites will probably be the most detailed
unit used. For detailed studies, which include mapping
in the Exploratory Studies Facility and selected surface
exposures or examining measured sections and core
from boreholes, identification of units to the rank of
interval is important whereas units such as group to
member provide only a general context. Thus, this
revised nomenclature with seven hierarchical divisions
from age to interval is designed to be used at all scales.

LITHOSTRATIGRAPHIC
NOMENCLATURE AT YUCCA MOUNTAIN

The lithostratigraphy of the SNVF was summa-
rized by Byers and others (1976a and b). Scott and
Bonk (1984) subsequently described and subdivided
the rock units exposed in the Yucca Mountain region.
Stratigraphic inconsistencies that were identified fol-
lowing these early works have been resolved by more
recent studies (Warren and others, 1989a; Minor and
others, 1993; Ferguson and others, 1994; Sawyer and
others, 1994; C. Fridrich, USGS, written commun.,
1993). The currently proposed stratigraphic nomencla-
ture, in which the Paintbrush Tuff is elevated to group
status and some members are elevated to formation sta-
tus (Warren and others, 1989a; Sawyer and others,
1994), is shown in table 1. In the revised stratigraphic
scheme, formations represent either volumetrically sig-
nificant eruptive units or a series of products inter-
preted to have formed from a single magma batch.

All lithostratigraphic divisions of formations,
including members to intervals (table 1), are informal
units following the suggested guidelines of the North
American Commission on Stratigraphic Nomenclature
(1983). Members are defined by the amount and
assemblage of phenocrysts and reflect changes in
magma chemistry or eruptive mechanism. Many of the
formations in the SNVF, including the Tiva Canyon
and Topopah Spring Tuffs, have an upper crystal-rich

(greater than 10% phenocrysts) member and a more
voluminous lower crystal-poor (less than 5% phenoc-
rysts) member, with a relatively thin transition in phe-
nocryst abundance between members. In the Tiva
Canyon and Topopah Spring Tuffs, this transition in
phenocryst abundance is typically 5- to 10-m-thick and
is included as a crystal-transition zone at the base of the
crystal-rich member. Zones, subzones, and intervals
are identified on the basis of textures and structures
associated with pyroclastic flow and fallout deposits
(depositional processes), zones of welding and crystal-
lization (post-depositional processes), and geometry
and surface roughness of fractures (mechanical proper-
ties of the rock). Zones are defined by (1) vitric versus
devitrified pyroclasts, (2) occurrence or absence of
lithophysae and related light gray rims and spots and
amount of pale red-purple groundmass, and (3) planar
versus irregular geometry and smooth versus rough
surfaces of fractures. Subzones and intervals are
defined by the surface roughness, abundance of pumice
clasts, amount of welding, type of alteration or crystal-
lization of pumice clasts, and interstratification of thin
units with characteristics of adjacent zones or sub-
zones.

This report focuses on the Paintbrush Group that
underlies Yucca Mountain, but recent work by others
provides a regional context for this study (Minor and
others, 1993; Ferguson and others, 1994; Sawyer and
others, 1994; C. Fridrich, written commun., 1993).
The Tiva Canyon Tuff exposed at Yucca Mountain cor-
relates with the lower of two cooling units that com-
prise the formation in the northern Crater Flat region
(C. Fridrich, written commun., 1993). Tephra deposits
at the north end of Yucca Mountain, which lie between
the Yucca Mountain and Pah Canyon Tuffs, are corre-
lated to the eruption of the rhyolite lavas of Delirium
Canyon and Black Glass Canyon (Broxton and others,
1993).

The symbol hierarchy proposed by Warren and
others (1989a) for the stratigraphic units of the SNVF
is adopted and extended for units that occur in the
vicinity of Yucca Mountain (table 1). Within their
scheme, Tertiary rocks are indicated with T, with strati-
graphic groups designated by a second letter (Tp for the
Paintbrush Group or Tc for the Crater Flat Group). A
third letter denotes formations (Tpc for the Tiva Can-
yon Tuff or Tpp for the Pah Canyon Tuff). A fourth let-
ter designates informally defined members (Tpdl for
lava flow and Tpdb for tuffaceous beds of the rhyolite
of Delirium Canyon, or Tptr as crystal-rich and Tptp as
crystal-poor portions of the Topopah Spring Tuff). Sin-
gle or double letters in the fifth and sixth symbol posi-
tion represent the zones of welding and crystallization
(the crystal-poor upper lithophysal zone of the Tiva

LITHOSTRATIGRAPHIC NOMENCLATURE AT YUCCA MOUNTAIN 3



Table 1. Hierarchy of stratigraphic and symbol nomenclature at

Yucca Mountain

[Revised stratigraphic nomenclature in the southwest Nevada volcanic field (Sawyer and
others, 1994). Age-to-member hierarchy proposed by Warren and others (1989a) and
Sawyer and others (1994); zone, subzone, and interval proposed in this report.]

Nomenclature

Stratigraphic and
symbol hierarchy

PREVIOUS
Paintbrush Tuff (formation rank)
Tiva Canyon Member
Yucca Mountain Member
Pah Canyon Member
Topopah Spring Member

REVISED
Paintbrush Group

Tiva Canyon Tuff (formation rank)

Yucca Mountain Tuff
Pah Canyon Tuff
Topopah Spring Tuff

1 Age
2 Group
3 Formation
4 member (informal)
5-6 zone
6-7 subzone
7-8 interval

T Tertiary
p Paintbrush Group
t Topopah Spring Tuff
r crystal-rich member
v vitric
1 densely welded subzone
v vitrophyre interval

Example: Tpcplnc2 - Tiva Canyon Tuff, crystal-poor (member), lower
nonlithophysal (zone), columnar (subzone), clay-altered pumice (interval).

Canyon Tuff is Tpcpul, or the crystal-rich nonlitho-
physal zone of the Topopah Spring Tuff is Tptrn). Sub-
zones are indicated in the sixth or seventh position by
letters or numbers, with the lowest number for the
stratigraphically lowest subzone (Tptpv1 for the non-
welded subzone of the crystal-poor vitric zone of the
Topopah Spring Tuff which is overlain by Tptpv2, the
partially to moderately welded subzone). The hackly
and columnar zones in the Tiva Canyon Tuff (Scott and
Bonk, 1984) are redefined as subzones of the crystal-
poor lower nonlithophysal zone (using symbols of
Tpeplnh and Tpeplnc, respectively). Intervals are
denoted by numerical designators in the seventh or
eighth position (Tpcplnc2 for the interval of clay-
altered pumice clasts in the columnar subzone).

Tuffaceous beds interstratified with major ignim-
brites, but not identified with any established forma-
tion, are placed with the superjacent tuff (for example
pre-Tiva Canyon Tuff). This designation is arbitrary
but consistent with previous usage (Spengler and
Rosenbaum, 1980). In adopting and extending the
symbol hierarchy proposed by Warren and others
(1989a), these tuffaceous beds are designated with the
letters “bt” followed by a number indicating the strati-
graphic position, with 1 at the bottom of the sequence.

This designation is used where the tuffaceous beds are
interstratified at the group or formation level. For
example, in the Paintbrush Group there are five tuf-
faceous beds (Tpbt1 to Tpbt5); four of these tuffaceous
beds are subjacent to the major ignimbrites (table 2),
and the fifth is associated with the Rhyolite of Comb
Peak, the youngest erupted material in the Paintbrush
Group (R. Warren, LANL, written commun., 1993;
table 2).

CRITERIA FOR IDENTIFYING
LITHOSTRATIGRAPHIC UNITS

Textural features within the ignimbrites of the
Paintbrush Group reflect processes occurring in the
magma chamber, during transport and deposition of the
fragmented material, and during postdepositional
welding and crystallization. Formations, members,
zones and subzones within the Paintbrush Group are
identified by all these features, and where contacts are
gradational, multiple criteria are commonly used. This
section summarizes the macroscopic criteria by which
the Tiva Canyon, Yucca Mountain, Pah Canyon, and
Topopah Spring Tuffs, and units within them, are clas-
sified in both core and outcrop. The main criteria
include the type and abundance of phenocrysts, the

4 Proposed Stratigraphic Nomenclature and Macroscopic ldentification of Lithostratigraphic Units of the Paintbrush
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Table 2. Revised nomenclature of the Paintbrush Group at Yucca Mountain

Symbol Stratigraphic unit

Tp PAINTBRUSH GROUP - characterized by quartz-free phenocryst assemblage.

Tpk Rhyolite of Comb Peak - rhyolite lava flows and related tephra; about 2 percent felsic phenocrysts (sanidine > plagioclase),
0.1 percent mafic phenocrysts (hornblende > biotite), and 0.05 percent sphene!.

Tpki Pyroclastic flow deposit informally identified as tuff unit “x” (Carr, 1992) and tentatively correlated with the rhyolite of
Comb Peak on the basis of petrography and mineral chemistry (R. Warren, written commun., 1994).

Tpv Rhyolite of Vent Pass - Rhyolite lava flows and related tephra. Similar to crystal-rich Tiva Canyon tuff, with about
15 percent felsic phenocrysts (sanidine > plagioclase), 0.3 percent biotite, and 0.002 percent sphene.

Tpbt5 Post-Tiva Canyon Tuff bedded tuff consists of tuffaceous rocks not correlated with known eruptive units based on detailed
tephrostratigraphic studies. This unit commonly consists of numerous depositional sequences separated by possible paleo-
sols. In the NRG#2 borehole complex and RF#3 and 8, Tpbt5 is divided into four depositional sequences, each capped by
a possible paleosol (Geslin and others, 1995; Buesch and others, 1994).

Tpc Tiva Canyon Tuff

Tpcy Tuff of Pinyon Pass - The tuff of Pinyon Pass is interpreted as a second cooling unit of the Tiva Canyon Tuff (C. Fridrich,
written commun., 1993). The tuff of Pinyon Pass occurs north and west of Yucca Mountain, but it has not been identified
on the mountain.

Tpeyr Crystal-rich member: 10-15 percent felsic phenocrysts (sanidine » plagioclase, trace quartz), 0.8 percent mafic phenocrysts
(biotite > pyroxene » hornblende), and 0.005 percent sphene.

Tpeyp Crystal-poor member: 5 percent sanidine, 0.1 percent mafic phenocrysts (hornblende > biotite), and 0.05 percent sphene.

Tpcx Lithic breccia - landslide or eruptive breccia.

Tpcb Bedded - Nonwelded vitric tuff; use “u” for upper and “I” for lower bedded tuff.

Tpcr Crystal-rich member: 1015 percent felsic phenocrysts (sanidine » plagioclase, trace quartz), 0.8 percent mafic phenocrysts
(biotite > pyroxene » hornblende), and 0.005 percent sphene. Pumice is mixed colors; light gray (N8-9), medium gray
(N6), and very dark yellowish orange (10YR6/8).

Tperv Vitric zone.

Tperv3 Nonwelded subzone - includes partially welded and locally devitrified tuff.

Tperv3n  Nonwelded interval.

Tperv3p Partially welded interval.

Tperv2 Moderately welded subzone - moderately welded with macroscopically identifiable vitroclastic texture and porosity;
locally devitrified tuff.

Tpervl Densely welded subzone - densely welded tuff; no macroscopically identifiable porosity.

Tpervle Clastic texture interval - vitroclastic texture preserved; reddish brown (5YR4/3) to dark gray (N4) glass.

Tpervlv Vitrophyre interval - moderate brown (5YR3/2) to very dark gray (N3) glass. Vitroclastic texture is not macroscopically
identifiable.

Tpern Nonlithophysal zone - moderately to densely welded; phenocrysts 10-15 percent; devitrified with minor vapor-phase min-
erals; no lithophysae, but < 3-mm-diameter cavities in groundmass and pumice fragments.

Tpcrnd Subvitrophyre transition subzone - pumice-rich, pumice clasts are locally argillic.

Tpcrndd  Densely welded interval - incipiently crystallized with less than S percent macroscopic porosity.

Tpcrndm  Moderately welded interval - matrix/groundmass and pumice clasts are corroded to form macroscopic porosity of 10 to
25 percent.

Tpcrn3 Pumice-poor subzone - pumice clasts less than 5 percent.

Tpcrn2 Mixed pumice subzone - pumice-rich with mixed colors of pumice clasts.

Tpernl Crystal transition subzone - phenocrysts 5-10 percent, biotite and trace of pyroxene in matrix; few lithophysae. This sub-
zone is locally absent.

Tperl Lithophysal zone - lithophysae are = 5 percent. This zone is locally absent.

Tperll Crystal transition subzone - phenocrysts 5~10 percent, biotite and trace of pyroxene in matrix; few lithophysae. This sub-
zone is locally absent.

Tpcp Crystal-poor member: 5 percent sanidine, 0.1 percent mafic phenocrysts (hornblende > biotite), and 0.05 percent sphene.
Pumice is mostly light gray (N8-9) with rare, very dark yellowish orange (10YR6/8).

Tpcpul Upper lithophysal zone - rhyolite and characterized by 10 to 20 percent lithophysae?.

CRITERIA FOR IDENTIFYING LITHOSTRATIGRAPHIC UNITS
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Table 2. Revised nomenclature of the Paintbrush Group at Yucca Mountain--Continued
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Symbol Stratigraphic unit

Tpcpull Spherulite-rich subzone; spherulites are common; centimeter size lithophysal cavities are absent with few large (decimeter
size) lithophysal cavities inferred from nonrecovered or rubbled intervals of core. This subzone is locally absent, but
where it occurs the remainder of the zone is designated pul2.

Tpcpmn Middle nonlithophysal zone - high-angle fractures with smooth surface are common. Locally divided into three subzones.

Tpcpmn3  (Upper) nonlithophysal subzone. (Use of upper is optional).

Tpcpmn2  Lithophysae-bearing subzone. Commonly has veinlets and streaks that locally occur in vapor-phase partings parallel or
subparallel to foliation. These partings may weather to small benches in surface exposures. This subzone increases thick-
ness to the north and locally comprises the entire middle nonlithophysal zone.

Tpcpmnl  (Lower) nonlithophysal subzone. (Use of lower is optional).

Tpepll Lower lithophysal zone - lithophysae 10 to 15 percent in surface exposures?; few high-angle fractures with slightly rough
surface.

Tpcpllh Hackly fractured subzone - lithophysae vary from 2 to 15 percent; hackly? fracture with polygonal faces on freshly broken
surfaces; hackly fracture is typically not as well developed as in the lower nonlithophysal zone.

Tpepln Lower nonlithophysal zone - moderately to densely welded tuff; devitrified, locally with vapor-phase minerals. Two sub-
zones are commonly identified.

Tpcplnh Hackly subzone - hackly fracture with polygonal faces, which are typically < 5 mm across, on freshly broken surfaces.
Subhorizontal partings, which are commonly coated with vapor-phase minerals, occur locally, and may weather to small
benches in surface exposures.

Tpcplnc Columnar subzone - moderately to densely welded tuff; groundmass is devitrified to a high temperature mineral assem-
blage; hackly fracture is not well developed. The base of devitrification is locally in the partially welded tuff below the
lowermost densely welded tuff.

Tpeplnc3  Spherulitic pumice interval - pumice fragments are devitrified to high temperature minerals, commonly with spherulitic
morphology.

Tpeplnc2  Argillic pumice interval - pumice fragments are altered to reddish-pink (SR6/2) clay or zeolite.

Tpeplncl  Vitric pumice interval - pumice fragments are preserved as dark-gray (N3) glass.

Tpcpv Crystal-poor vitric zone.

Tpcpv3 Densely welded subzone - densely welded tuff; no macroscopically identifiable porosity.

Tpepv3v  Vitrophyre interval - moderate brown (5YR3/2) to very dark gray (N3) glass. Vitroclastic texture is not macroscopically
identifiable.

Tpcpv3c  Clastic texture interval - vitroclastic texture preserved; reddish brown (5YR4/3) to dark gray (N4) glass.

Tpcpv2 Moderately welded subzone; moderately welded with macroscopically identifiable vitroclastic texture and porosity.

Tpepvl Nonwelded to partially welded subzone; locally devitrified.

Tpcpvlp  Partially welded interval.

Tpcpvln  Nonwelded interval.

Tpbt4 Pre-Tiva Canyon Tuff bedded tuff consists of tuffaceous rocks not correlated with known eruptive units based on detailed
tephrostratigraphic studies.

Tpy Yucca Mountain Tuff - characteristically aphyric with « 1 percent phenocrysts. Nonwelded tuff is composed of light yellow
to brown fine-grained bubble-wall glass shards. Where the Yucca Mountain Tuff is thick, it is densely welded, has two
well-developed lithophysal zones, and stratigraphic nomenclature similar to the zones in the Tiva Canyon or Topopah
Spring Tuffs can be applied.

Tpg Rhyolite of Black Glass Canyon - rhyolite lava flows and related tephra. Similar to crystal-poor part of Tiva Canyon Tuff,
with about 5 percent sanidine phenocrysts, 0.1 percent mafic phenocrysts (hornblende > biotite), and 0.04 percent sphene.

Tpd Rhyolite of Delirium Canyon - rhyolite lava flows and related tephra. Similar to rhyolite of Comb Peak, with about
5 percent felsic phenocrysts (sanidine > plagioclase), 0.5 percent hornblende and biotite, and 0.02 percent sphene.

Tpe Rhyolite of Echo Peak - rhyolite lava flows and related tephra. Phenocrysts consist of about 10 percent sanidine and pla-
gioclase, 0.5 percent mafic phenocrysts (biotite » pyroxene), and 0.5 percent sphene.

Tpz Rhyolite of Zig Zag Hill - rhyolite lava flows and related tephra. Phenocrysts consist of about 10 percent felsic phenocrysts
(sanidine > plagioclase), 0.05 percent mafic phenocrysts (biotite » pyroxene), and no sphene.

Tpbi3 Pre-Yucca Mountain Tuff bedded tuff consists of tuffaceous rocks not correlated with known eruptive units based on

detailed tephrostratigraphic studies.

Proposed Stratigraphic Nomenclature and Macroscopic ldentification of Lithostratigraphic Units of the Paintbrush
Group Exposed at Yucca Mountain, Nevada



Table 2. Revised nomenclature of the Paintbrush Group at Yucca Mountain--Continued

Symbol Stratigraphic unit

Tpp Pah Canyon Tuff - characterized by large pumice clasts. Phenocrysts consist of about 10 percent felsic phenocrysts
(plagioclase ? sanidine), 0.5 percent mafic phenocrysts (biotite » pyroxene), and 0.005 percent sphene.

Tpbt2 Pre-Pah Canyon Tuff bedded tuff consists of tuffaceous rocks not correlated with known eruptive units based on detailed
tephrostratigraphic studies. The lower 5- to 15-m-thick part of the bedded tuff sequence is moderately well sorted pumi-
ceous tephra with a thin (2 cm) lithic-rich fallout at the base that overlies a thin (2 cm) very fine-grained ash bed. This
basal bedset occurs across Yucca Mountain northeast to exposures near Fortymile Canyon.

Tpt Topopah Spring Tuff

Tptd Dacitic tephra - thin tephra layer above Topopah Spring Tuff. Phenocrysts consist of about 10 percent plagioclase and
2.0 percent mafic phenocrysts (biotite » pyroxene).

Tptx Landslide or eruptive breccia.

Tptb Bedded - nonwelded to partially welded vitric tuff; use “u” for upper and “1” for lower bedded tuff.

Tptr Crystal-rich member: 10-15 percent felsic phenocrysts (locally 8 to 15) (sanidine > plagioclase, trace of quartz),

0.1 percent mafic phenocrysts (biotite > pyroxene, trace of hornblende), and no sphene.

Tptrv Vitric zone.

Tptrv3 Nonwelded subzone - includes partially welded rocks; locally devitrified. The nonwelded subzone is moderately well
sorted pumiceous deposits capped by a thin (2 cm) very fine-grained ash bed. Locally, this 2-cm-thick very fine-grained
ash bed is in the moderately welded subzone.

Tptrvan  Nonwelded interval.

Tptrv3p Partially welded interval.

Tptrv2 Moderately welded subzone - moderately welded with macroscopically identifiable vitroclastic texture and porosity;
locally devitrified.

Tptrvl Densely welded subzone - densely welded tuff; no macroscopically identifiable porosity.

Tptrvlc Clastic texture interval - vitroclastic texture preserved; weak red (SYR4/3) to dark gray (N4) glass.

Tptrvlv Vitrophyre interval - dusky red (10R3/2) to very dark gray (N3) glass. Vitroclastic texture is not macroscopically
identifiable.

Tptrn Nonlithophysal zone - no lithophysae, but small cavities are in pumice fragments.

Tptrn3 Dense subzone - densely welded; incipiently crystallized; minor amounts of porosity where pumice clasts were corroded
by the vapor phase or argillically altered. This subzone, which is subjacent to the vitrophyre interval, is distinguished by a
lack of vitreous luster and commonly breaks into thin (1- to 3-cm thick) fragments with smooth fractures.

Tptrn2 Vapor-phase corroded subzone - small cavities in pumice clasts and groundmass appear to have resulted from corrosion by
the vapor phase during cooling.

Tptrnl Crystal transition subzone - phenocrysts 3-10 percent (locally 3 to 8 percent), biotite and trace of pyroxene in matrix; few
lithophysae. This subzone is locally absent.

Tptrl Lithophysal zone - thin zone of 10-20 percent lithophysae near the base of the crystal-rich section, but with 8-10 percent
phenocrysts. This zone was probably included in the upper lithophysal zone of some previous workers.

Tptrl1 crystal transition subzone - phenocrysts 3—10 percent (locally 3 to 8 percent). This subzone is locally absent.

Tptf Lithic-rich zone - lithic-rich (10 to 50 percent) with crystal-rich matrix*3. This zone straddles the contact of the crystal-rich
and crystal-poor member.

Tptrf Crystal-rich subzone - 3 to 10 percent phenocrysts.

Tptrfl Lithophysal interval.

Tptrfn Nonlithophysal interval.

Tptp Crystal-poor member: Less than 3 percent felsic phenocrysts (sanidine = plagioclase, trace quartz) and 0.05 percent mafic
phenocrysts (biotite with trace of hornblende and pyroxene).

Tptf Lithic-rich zone - lithic-rich rhyolite zone with crystal-poor matrix*3. This zone straddles the contact of the crystal-rich
and crystal-poor member.

Tptrf Crystal-rich subzone - less than 3 percent phenocrysts.

Tptril Lithophysal interval.

Tptrfn Nonlithophysal interval.

CRITERIA FOR IDENTIFYING LITHOSTRATIGRAPHIC UNITS
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Table 2. Revised nomenclature of the Paintbrush Group at Yucca Mountain--Continued

Symbol Stratigraphic unit

Tptpul® Upper lithophysal zone - lithophysae, with = 5-mm-wide light-gray rims, volumetrically constitute 5 to 30 percent of core®
and 5 to 15 percent in surface exposures?; small (1-5 cm-diameter) lithophysae are > 5 percent, and subordinate numbers of
large (up to 0.5 x 1 m) lithophysae are observed in borehole televiewer log. Intervals of rubbled core and nonrecovered
core are common. Locally, where the cavernous lithophysae subzone (pulc) is identified the remainder of the upper litho-
physal zone is referred to as the small lithophysal subzone (puls).

Tptpulc Cavernous lithophysae subzone - small (1-5 cm-diameter) lithophysae are < 2 percent, and numerous large (up to
0.5 x 1 m) lithophysae are observed in borehole televiewer log. Intervals of rubbled core and nonrecovered core are
common.

Tptpmn’  Middle nonlithophysal zone - locally has a middle lithophysal subzone.

Tptpmn3  (Upper) nonlithophysal subzone. (Use of upper is optional).

Tptpmn2  Lithophysae-bearing subzone - lithophysae are < 5 percent. Commonly has veinlets and streaks that locally occur in vapor-
phase partings parallel or subparallel to foliation.

Tptpmnl  (Lower) nonlithophysal subzone. (Use of lower is optional).

Tptpll Lower lithophysal zone - large, but dispersed, irregularly shaped lithophysae with 10- to 15-mm-wide light gray rims.
Characterized by < 10 percent lithophysae in core’® and 5 to 15 percent in surface exposures®. Lithophysaec common along
fractures. Large, light gray spots in matrix create distinctive mottled coloration.

Tptpllh Hackly fractured subzone - lithophysae vary from 2 to 15 percent; moderate to well-developed hackly fractures are com-
mon in this zone.

Tptpln? Lower nonlithophysal zone - moderately to densely welded tuff; devitrified, locally with vapor-phase minerals. Subzones
similar to those in the Tiva Canyon Tuff are locally identified.

Tptplnh Hackly subzone - hackly fracture with polygonal faces, which are typically < 5 mm across, on freshly broken surfaces.

Tptplnc Columnar subzone - densely welded tuff; groundmass is devitrified to a high temperature mineral assemblage.

Tptplnc3  Spherulitic pumice interval - pumice fragments are typically devitrified to a high temperature mineral assemblage.

Tptplnc2  Argillic pumice interval - pumice fragments are altered to reddish-pink (SR6/2) clay or zeolite.

Tptplncl  Vitric pumice interval - pumice fragments are preserved as dark-gray (N3) glass.

Tptpv Crystal-poor vitric zone.

Tptpv3 Densely welded subzone - densely welded tuff; no macroscopically identifiable porosity.

Tptpv3v  Vitrophyre interval - dark to very dark gray (N4 to N3) glass. Vitroclastic texture is not macroscopically identifiable.

Tptpv3c Clastic texture interval - vitroclastic texture preserved; weak red (10R4/3) or reddish brown (5YR4/3) to dark gray (N4)
glass.

Tptpv2 Moderately welded subzone - moderately welded with macroscopically identifiable vitroclastic texture and porosity. The
top of this subzone is typically gradational to densely welded clastic texture interval (pv3c); locally devitrified with vapor-
phase minerals.

Tptpvl Nonwelded subzone - partially welded to nonwelded vitric. Quartz only occurs as resorbed crystals and probably repre-
sents xenocrysts.

Tptpvlp  Partially welded interval.

Tptpvin  Nonwelded interval.

Tpbtl Pre-Topopah Spring Tuff bedded tuff consists of tuffaceous rocks not correlated with known eruptive units based on

detailed tephrostratigraphic studies.

TPhenocryst abundances are from Broxton and others (1989) and R. Warren (written commun., 1993). Names and symbols of the rhyolite lava flows
and related tephra are from Ferguson and others (1994).

2Description from Scott and Bonk (1984).

3The term hackly describes the fracturing of a rock into small jagged points (Bates and Jackson, 1987). Many stratigraphic units encountered
in the Yucca Mountain area have hackly fracture, and in the case of the Tiva Canyon Tuff, the descriptive term is used in the informal name “hackly

subzone”. Hackly fracturing results from many processes including cooling and diagenetic alteration.
4Description from Lipman and others (1966).
SA crystal-poor upper nonlithophysal zone has not been described in the vicinity of Yucca Mountain, but if it occurs then the symbol will be Tptpun.

"In exposures near Yucca Mountain where lithophysal zones are not developed, the entire crystal-poor member is in the nonlithophysal zone

(Tptpn).
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features associated with deposition, the zones of weld-
ing and crystallization, and the geometry and surface
roughness of fractures. These criteria were initially
developed and applied during analysis of core from
boreholes drilled in 1992-93 (Appendix 1). A descrip-
tion of criteria to determine lithostratigraphic contacts
is discussed in detail in Geslin and others (1995). Sub-
sequent lithologic logging of core from boreholes
(Geslin and others, 1995; Geslin and Moyer, 1995;
Moyer and others, in press) and field mapping has con-
firmed the use of these criteria and has resulted in only
slight modification of the lithostratigraphic nomencla-
ture for a few subzones and intervals.

Phenocryst Assemblage

The phenocryst content and assemblage are the
fundamental criteria for subdividing the lithologic
units of the Paintbrush Group (table 2). The abundance
of phenocrysts, a function of phase equilibrium and
mechanical processes during transport and deposition,
can be extremely diagnostic, as illustrated by the nearly
aphyric Yucca Mountain Tuff and the crystal-poor and
crystal-rich members of the Tiva Canyon and Topopah
Spring Tuffs. Crystal content of the matrix (not of
pumice clasts) is used to identify the transitional sub-
zone between the crystal-rich and crystal-poor mem-
bers of the Tiva Canyon and Topopah Spring Tuffs.
Biotite and a light yellowish-green pseudomorph,
probably of pyroxene, occur in the matrix in and above
this subzone and rarely in pumice clasts below. Sani-
dine and plagioclase are abundant phenocrysts in the
Paintbrush Group. Therefore, an additional identifying
criterion is the sanidine-to-plagioclase ratio, such as
the 1:1 ratio of the Topopah Spring Tuff, the 2:1 ratio
of the Pah Canyon Tuff, and the greater than 3:1 ratio
of the Tiva Canyon Tuff (Broxton and others, 1989).

The occurrence and abundance of accessory
minerals also can be used to distinguish formations.
For example, the crystal-poor member of the Tiva Can-
yon Tuff contains accessory hornblende, whereas the
crystal-poor member of the Topopah Spring Tuff con-
tains minor biotite. Sphene, which is a characteristic
accessory mineral in the Tiva Canyon Tuff, occurs in
minor amounts in the Pah Canyon Tuff but is rare in the
Topopah Spring Tuff. Paintbrush Group rocks are
characterized by the almost complete absence of pri-
mary quartz phenocrysts, but quartz is an accessory
phase in the crystal-rich part of the Tiva Canyon Tuff
and occurs in trace amounts in the lower part of the
Topopah Spring Tuff, where it is probably xenocrystic
(Byers, 1985).

Depositional Features

The Paintbrush Group at Yucca Mountain con-
sists of primary volcanic deposits from pyroclastic flow
and fallout and secondary volcaniclastic deposits from
eolian and fluvial processes. Primary deposits can be
differentiated from secondary deposits based on fea-
tures such as grain shape, grain composition, sorting
and grading of clasts, imbrication of clasts, cross-
bedding, and scour at the base of the deposit
(Smith, 1960a; Fisher and Schmincke, 1984; Cas and
Wright, 1987). The Tiva Canyon, Yucca Mountain,
Pah Canyon, and Topopah Spring Tuffs are pyroclastic
flow deposits, historically called ash-flow tuffs, that are
typically moderately to poorly sorted deposits of crys-
tals, pumice, and lithic clasts in a matrix of glass shards
and dust (Lipman and others, 1966). Locally, these
tuffs have related, well-sorted, clast-supported fallout
deposits. Crossbedding has been observed at the base
of primary deposits such as the Tiva Canyon Tuff and
probably represent ground layers of the pyroclastic
flow, as well as in interstratified, nonwelded tuffs in the
Paintbrush Group (Diehl and Chornack, 1990), some of
which may be secondary volcaniclastic deposits.

Depositional features that delineate units within
tuffs of the Paintbrush Group include the amount of
phenocrysts and horizons of increased amounts or sizes
of pumice and lithic clasts. For example, abundance of
pumice clasts is used to delineate the pumice-rich sub-
zone of the crystal-rich nonlithophysal zone of the Tiva
Canyon Tuff (table 2). In the Topopah Spring Tuff,
swarms of pumice and lithic clasts have been used to
differentiate units and to infer deposition from multiple
flow units and significant changes in the eruption his-
tory (Lipman and others, 1966; unit Tptpf in table 2).
These features also can be used to subdivide the Pah
Canyon Tuff.

Welding Zones

Based on the terminology of Smith (1960b), ign-
imbrites of the Paintbrush Group can be divided by
their degree of welding (fig. 2). Criteria that describe
the amount of welding include the deformation of
shards and pumice, compaction of intershard dust,
breakage around or across boundaries of shards and
pumice clasts, and the development of foliation. Com-
paction profiles in ignimbrites show continuous grada-
tion from nonwelded to densely welded textures, but
locally the changes in the amount of welding can be
very sharp (Riehle, 1973; Sheridan and Ragan, 1977).
Lithostatic stress (compaction) and rheomorphic flow

CRITERIA FOR IDENTIFYING LITHOSTRATIGRAPHIC UNITS 9
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Figure 2. Graphical columns of zones in the Tiva Canyon and Topopah Spring Tuffs, Yucca Mountain, Nevada.
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create a well-developed foliation in moderately to
densely welded ignimbrites (Smith, 1960b; Schmincke
and Swanson, 1967; Chapin and Lowell, 1979). The
following welding descriptions are for vitric rocks;
however, many of these textures are preserved in devit-
rified rocks. These criteria are used to identify the
degree of welding in rocks of the Paintbrush Group
exposed at Yucca Mountain, but these same criteria can
be used in other areas as well.

Nonwelded

Shards and pumice clasts are not deformed.
Shards typically have bubble-wall and cuspate shapes
with sharp terminations. Some shards, which might
represent quenching and fragmentation of magma dur-
ing hydromagmatic interaction, are blocky with sharp
interfacial angles. Macroscopic porosity and matrix
constituents (intershard ash and dust) are easily visible
with a hand lens. Pumice clasts are vesicular. These
rocks break along grain boundaries. Elongate pumice
and lithic clasts are oriented randomly or are poorly

aligned. Colors! are typically light gray (N8) to gray-
ish orange (10YR7/4).

Partially Welded

Shards and pumice clasts are slightly deformed.
Bubble-wall textures of shards are preserved, but the
terminations are slightly rounded. Porosity in the
matrix is visible with a hand lens but is reduced. These
rocks break along and across grain boundaries. Elon-
gate grains are oriented randomly or have a slight pre-
ferred orientation. Colors are typically light grayish
orange (10YR7/4) to brownish gray (5SYR4/1) or mod-
erate orange red (5YRS8/4), with brownish-gray
(5YR4/1) shards.

Moderately Welded

Shards and pumice clasts are moderately to sig-
nificantly deformed. Vitroclastic texture of pumice,
shards, and ash are discernible with a hand lens. The
rock fractures across all grain boundaries. The amount
of macroscopic porosity in pumice and the matrix is
small. Elongate grains, especially pumice clasts,
define a moderately developed foliation. Colors are

IColors are determined on dry samples using the Rock Color
Chart (Geological Society of America, 1991) and the
Munsell Soil Color Chart (Kollmorgen Instruments

Corp., 1992).

typically light pinkish gray (2.5YR6/4), pale grayish
red (10R5/2), or moderate brown (5YR3/4).

Densely Welded

Matrix, shards, and pumice are fused, and mac-
roscopic porosity is absent. Based on the amount of
preservation of vitroclastic texture discernible with a
hand lens, densely welded zones are divided into two
intervals; the vitroclastic intervals where vitroclastic
textures are easily identifiable, and the vitrophyre inter-
vals where vitroclastic textures are difficult to distin-
guish. Densely welded rocks break across grain
boundaries. Densely welded rocks of the vitroclastic
intervals have grayish black (N2) to grayish brown
(5YR3/2) pumice clasts in medium dark gray (N4) to
pale brown (SYRS/2) matrix. Vitrophyres are typically
grayish black (N2) to grayish brown (5YR3/2).

Crystallization Zones

The development of crystallization zones in ign-
imbrites is controlled by emplacement temperature,
glass composition, surface area of the grains, and vapor
species and abundance (Smith, 1960b; Ross and Smith,
1961). Figure 2 shows the crystallization zones identi-
fied in the Paintbrush Group tuffs: (1) Devitrified
zones formed at high temperatures that are character-
ized by fine-grained aggregates of cristobalite and
alkali feldspar in the groundmass (crystallized matrix);
(2) vapor-phase zones that are characterized by fine-
grained aggregates of tridymite and other minerals
(amphibole and pseudobrookite(?)); (3) lithophysal
zones where gas cavities up to 1 m in diameter form up
to 20 percent of the rock; and (4) zones of fumarolic
alteration and crystallization. These zones postdate
deposition and, in most cases, probably postdate weld-
ing. The following descriptions of crystallization
zones pertain to the rocks at Yucca Mountain but also
apply to rocks exposed elsewhere in the region.

Vitric Zones

Vitric zones are not included in the original
description of crystallization zones (Smith, 1960b),
probably because they are defined by the absence of
crystallization textures. Vitric zones occur at the top
and bottom of the otherwise crystallized Tiva Canyon
and Topopah Spring Tuffs. Nonwelded to densely
welded rocks can occur within the vitric zone.
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Zone of High-Temperature Devitrification

The zone of high-temperature devitrification
contains aggregates of silica polymorphs and alkali
feldspar that replace vitroclastic glass to form micro-
scopic to macroscopic groundmass textures. Spheru-
lites and fine-grained granophyric intergrowths are
locally well developed and can be identified macro-
scopically. Devitrified rocks, which comprise the
majority of the Tiva Canyon and Topopah Spring Tuffs
(fig. 2), are typically pale to moderate purple (5 P-RP
6-4/2-4), light to moderate yellowish brown (5-10 YR
6-5/ 4), pale red to pale reddish brown (5-10 R 6-5/
2-4), or very light to medium light gray (N8-5). They
can have either a uniform coloration or appear as a var-
iegated (streaky or blotchy) mass.

Zones of Vapor-Phase Crystallization

Zones of vapor-phase crystallization typically
contain abundant euhedral crystals of tridymite, less
common sanidine, specular hematite, pseudobrook-
ite(?), manganiferous biotite and amphibole, and rare
manganiferous garnet and chlorites (Vaniman and oth-
ers, 1984; D. Vaniman, LANL, oral commun., 1993;
R. Warren, LANL, written commun., 1994). Vapor-
phase crystals grow in primary pore spaces in non-
welded to partially welded tuffs, in secondary pore
spaces formed by lithophysae or by the corrosion of
glass by vapor-phase alteration, or along fractures
(Smith, 1960b; Ross and Smith, 1961). The Pah Can-
yon Tuff contains incipiently lithified rock that is the
product of vapor-phase crystallization which over-
prints a remnant vitroclastic texture (a sillar zone of
Fenner, 1948).

Lithophysal Zones

Lithophysal zones occur where vapor concen-

- trates in the densely welded part of ignimbrites to form
lithophysal cavities (Ross and Smith, 1961). The vapor
can be derived from (1) air and gas interstitial to the
pyroclastic material that was trapped during deposition
from a pyroclastic flow, (2) exsolution from shards and
pumice, or (3) released during devitrification. Litho-
physae consist of a cavity, which is commonly coated
with vapor-phase minerals on the inner wall of the cav-
ity, a fine-grained rim surrounding the cavity wall, and
a thin very fine-grained border (fig. 3). Many lithophy-
sae in the Tiva Canyon and Topopah Spring Tuffs have
light-gray (N8) to grayish-orange pink (10R8/2) rims
of microscopic to barely macroscopic elongate crystals
that radiate from the walls of the lithophysae into the
surrounding groundmass. These rims are up to 3-cm

wide. Locally, rims have 1- to 3-mm-wide, grayish
red-purple (5YR4/2) borders. Associated with the
lithophysae are light-gray (N8) to grayish-orange pink
(10R8/2) spots 1- to 5-cm in diameter. Some spots may
represent the cross sections of rims on lithophysae,
whereas others have a crystal or lithic clast in the core
that could have acted as a nucleation site. There is no
genetic interpretation for the spots; however, they are
characteristic for some lithophysal zones. Lithophysal
zones in the Tiva Canyon and Topopah Spring Tuffs are
identified by a combined occurrence of lithophysae and
spots. The shape of the lithophysae and spots and
width of the rims on the lithophysae can also be diag-
nostic of specific zones. Locally, surface exposures
contain lithophysae with diameters of up to 1 m; thus,
regions of poor core recovery might indicate large
lithophysae.

Zones of Fumarolic Alteration and Crystallization

Zones of fumarolic alteration and crystallization
occur locally in the upper nonwelded vitric zone of the
Tiva Canyon and Topopah Spring Tuffs. Fumarolic
alteration produces sillar textures and oxidizes iron in
the glass to form variegated red and orange colors.
Fumarolic alteration is a localized manifestation of
vapor-phase processes, whereas vapor-phase zones are
more laterally extensive.

Surface Roughness and Orientation of
Fractures

The characteristic fracture patterns in outcrops of
several units at Yucca Mountain, such as the columnar,
hackly, and clinkstone units of the Tiva Canyon Tuff
(as defined by Scott and Bonk, 1984), could partly
manifest the response of these rocks to stresses associ-
ated with vapor-phase activity, cooling, tectonic activ-
ity, or erosion. In recent mapping of the Tiva Canyon
Tuff, lithostratigraphic units were identified by the
roughness of joints and freshly broken surfaces
(Spengler and others, 1994). In these studies, semi-
quantitative estimates of surface roughness, termed
roughness coefficients, were made by comparing the
profile of a fracture surface to profiles assigned numer-
ical values for roughness (see Barton and Choubey,
1977, fig. 4). In outcrops of the Tiva Canyon Tuff,
roughness coefficients range from 2 to 18, but individ-
ual zones have more restricted and characteristic
ranges (Spengler and others, 1994) (table 3). Qualita-
tive descriptions of core samples indicate fracture and
surface roughness similar to those observed in outcrop

12 Proposed Stratigraphic Nomenclature and Macroscopic Identification of Lithostratigraphic Units of the Paintbrush

Group Exposed at Yucca Mountain, Nevada



"EPBASN ‘UIBJUNOLN BOONA ‘SPN] POPIoMm UJ SYESJIS PUE ‘SIBJUIA ‘sjods ‘aesAuydoyyy Jo slusuodwo) °g ainbiy

(T ddS)

91dind pai ysiAeid

— 01 (Z/¥dS)

yvadi§ o1dind ysike1d

(1/84AS 01 7/8Y0I) Areaid£) “seisk1o

Aei3 yspyurd paures3-ouyy K1oa

(8N) xth Hﬂw: ‘ofey ‘urrew ‘eY®e
[ed1dA]

‘s1e1s£1o 19prog

paureId-oury
eaI}S pue PU A

oeusew A[[ed0] pue
‘QuIpIues ‘9)uApL)
Jo spe1sAIo [eIpoyna

sfexruiw Iseyd orHPA

(/v ddS)
adind par ystAe1d (1/84AS 01 7/8401)
01 (T dS) Ae13 yspjuid
ordind ysike1d (8N) Ke13 13y
A[reord4£) ‘spersAio A[reord4)
poaureid-oury A19A ‘s[eIshIo

‘o[ey ‘uidrew ‘eye

paurei3d-oury

Japaogq wry
a[nnI ‘aeudew
‘QuIprues ‘o)[wApLn soeds pioa
JO S[ISAI0 [RIpaYnD £nae)

-JodeA sey JPUIA

(Z/vddS)

o1dind pa1 ysikeid
01 (ZHdS)

o1dind ysike1d
A[reo1dAy ‘speiskio
paureig-aulj A19A
‘o[ey ‘urdrew ey
Japaog

(1/84AS 01 Z/3401)
K13 yspjuid

(8N) Ae13 1y3g
A[reord4y

‘s[e1skIo
paureid-auyy

jodg

(s10ds [re ut jou)
ssewpunog Jo vare

Pole[OST [[eWS
10 ‘)se[o o1y
‘e1sA1o

310D

ST04S

Surui| xo Suneod
[exouiui dseyd-aode p

(IDV ‘A30102D) Jo A1eSSOID) /861 ‘BOSYOR[ puk sajed)
‘uBIpISqo pue 910Ky 89
‘S)00J DTUBDJOA DIDI[IS UI PUNO] ‘S[BISUIW IAY)O pue ‘Zuenb
‘redspio] 1By [e SuI{[eISAID A[2Ul} JO S[[oYS JLIUIDUOD
Jo pasodwiod a1monIs ayI2[qqnq ‘mofoy v :(a)esAydoylry

ssewpunoid

2oeds pioa

s[eisA1o paureigd-oury

AVSXHJOHIT|

13

CRITERIA FOR IDENTIFYING LITHOSTRATIGRAPHIC UNITS



Typical profiles for shape of fractures and surface roughness

Shape of fractures Joint profile and roughness coefficient (JRC) Surface roughness

this report Barton and Choubey, 1977 this report
Planar 0-2 Smooth
. 2-4 ,
Slightly Slightly
planar smooth
4-6
Slightly — 68 Slightly
irregular rough

—_ —— 8-10

Irregular Rough

— ——~——— 1416
Very —_—~————— —"— 16-18 Very

irregular rough

Scale for —>»

shape of fracture Scale for

5 " 10 cm <— surface roughness

Figure 4. Profiles for shape of fracture and surface roughness in welded tuffs at Yucca Mountain, Nevada.
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Table 3. Roughness coefficients of freshly broken surfaces in lithostratigraphic zones of the
Tiva Canyon Tuff at Yucca Mountain

{>, greater than; <, less than]

Roughness

Zone coefficient Zone/subzone Roughness coefficient,
(Spengler and others, 1994) surface ’ (this report) subsurface
Crystal-rich member
Upper cliff. Nonlithophysal.
> 10 meters from base. 7-18 Rough to very rough.
< 10 meters from the base. 3-6 Crystal transition. Slightly smooth.
Crystal-poor member
Upper lithophysal. 6-10 Upper lithophysal. Slightly rough.
Clinkstone. Middle nonlithophysal. Smooth to slightly smooth.
Upper contact. 2-4
Lower contact. 2-8
Lower lithophysal. 8-12 Lower lithophysal. Rough.
Lower nonlithophysal.
Hackly (lowest exposed unit). 12-18 Hackly. Very rough.
Columnar. Slightly smooth.
Vitric.
Vitrophyre. Smooth to slightly smooth.
Moderately welded. Slightly smooth.
Nonwelded. Slightly smooth.

(table 3), except the surface profiles are not as well
developed.

Changes in the roughness of fractures and freshly
broken surfaces typically coincide with the boundaries
of lithophysal and nonlithophysal zones (table 3), but
locally, changes in roughness transgress these zone
boundaries. These relations indicate the processes that
control the fracture geometry are probably coupled
with the processes of welding and crystallization,
although not completely. Fracture characteristics can
be viewed as forming zones similar to those of welding
and crystallization. In this report, the zones of fracture
are simply referred to by the name of the most charac-
teristic surface roughness. Fracture profiles with very
rough surface roughnesses are commonly referred to as
having hackly fractures, therefore, the rocks with high
roughness coefficients are designated as in the hackly
zone. An example of the overlap of zones of fracture,
welding, and crystallization is demonstrated in the
lower lithophysal and nonlithophysal zones of the Tiva
Canyon and Topopah Spring Tuffs. The upper part of
the lower nonlithophysal zone commonly has a hackly
subzone that coincides with the hackly zone of fracture.
The hackly zone locally transgresses the boundary of
the lower lithophysal and nonlithophysal zones, and
therefore, hackly fractured subzones are formed in the

upper part of the nonlithophysal zone and the lower
part of the lithophysal zone (fig. 2).

Detailed mapping of surface exposures in the
Tiva Canyon Tuff shows that some joints transect two
or more lithostratigraphic units, and the morphology
and roughness coefficients of these joints change at the
contact (Spengler and others, 1994). Joints that occur
in outcrops characterized by low roughness coeffi-
cients are more planar, whereas joints that occur in out-
crops with high roughness coefficients are more
irregular.

Lithostratigraphic zones have a characteristic
fracture morphology and orientation (high angle versus
low angle) in core. The middle nonlithophysal zones
of the Tiva Canyon and Topopah Spring Tuffs typically
have abundant high-angle fractures (greater than 75°
from horizontal) that are planar to curviplanar.
Locally, these fractures occur in closely spaced sets of
two to five fractures. In contrast, lithophysal z<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>