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UNITED STATES
DEPARTMENT OF THE INTERIOR
GEOLOGICAL SURVEY

STRATIGRAPHIC AND STRUCTURAL RELATIONS OF VOLCANIC ROCKS
IN DRILL HOLES USW GU-3 AND USW G-3,
YUCCA MOUNTAIN, NYE COUNTY, NEVADA

By

ROBERT B. SCOTT and MAYRA CASTELLANOS

ABSTRACT

Stratigraphic and structural studies of drill holes USW GU-3 and USW G-3,
are part of a coordinated effort by the U.S. Geological Survey to evaluate the
geologic, geophysical, and hydrologic potential of the thick sequence of
Miocene age ash-flow tuff and related volcanic rock of Yucca Mountain as an
underground high-level nuclear waste repository in southern Nevada. The
geologic relations of more than 1,500 m of continuous core from these holes in
southern Yucca Mountain have been correlated with similar results of drilling
in central and northern Yucca Mountain and with results of surface mapping to
produce a conceptual model of the geology of the rock volume being considered
as the potential repository.

Major silicic ash-flow tuffs extend through Yucca Mountain with only
minor variations in thickness, but the tuffs vary somewhat in degree of
welding, physical properties, and extent of alteration. The uppermost
member f the Paintbrush Tuff, the Tiva Canyon Member, caps most of Yucca
Mountain to a thickness of approximately 100 m or more. Below this cap, the
densely welded, 300-m-thick, Topopah Spring Member of the Paintbrush Tuff,
targeted as the repository unit within the unsaturated zone, is the most
uniform of these ash-flow tuffs. Variation in lithophysal content is the most
significant variable in the rock, ranging from over 30 volume percent void, in
the northern exposures near the source area, to less than 5 volume percent in
the most suitable zones in the southern part of the potential repository. The
tuffaceous beds of Calico Hills form a nonwelded interval below the Topopah
Spring Member. This nonwelded sequence of ash flows and minor bedded tuffs
decreases in thickness from nearly 300 m to 30 m and changes in degree of
alteration from highly zeolitized to vitric from north to south within Yucca
Mountain. A Tlower sequence of ash-flow tuffs, including the Prow Pass,
Bullfrog, and Tram Members of the Crater Flat Tuff and the Lithic Ridge Tuff,
have only minor variations in thickness, degree of welding, and type of
alteration throughout Yucca Mountain. Dacitic to rhyodacitic lava flows and
breccias found above and below the Lithic Ridge Tuff in the northern part of
Yucca Mountain pinch out toward the south.



Two major fault sets cut Yucca Mountain at the surface. One set consists
of Basin and Range style normal faults. These faults strike north-northwest
to north-northeast, and in oriented core from USW GU-3 and USW G-3, have a
dominant north-northwest strike. Although most movement on the faults
occurred between 13 and 11.5 m.y. ago, minor activity has persisted into the
Pleistocene. The other fault set consists of northwest-striking strike-slip
faults that appear to have right-lateral offset with activity restricted to
between 13 and 11.5 m.y. ago. In age, attitude, sense of offset, and
geographic location these faults seem to be related to the Walker Lane-Las
Vegas Valley shear zones. These faults are largely restricted to the northern
pagt of Yugca Mountain and are not observed in core from drill holes USW GU-3
and USW G-3.

Fractures in drill holes USW GU-3 and USW G-3 have a dominant north-
northwest strike and a steep southwest dip parallel to fractures observed on
the surface. In the upper kilometer of rock, fracture densities in densely
welded tuff are between 20 and 40 fractures per unit cubic meter and between
less than 1 and about 3 fractures per unit cubic meter in nonwelded tuff.
Below depths of 1 kilometer, the density of fractures is roughly an order of
magnitude lower, from 3.5 fractures per unit cubic meter in moderately welded
tuff to 0.3 fractures per unit cubic meter in nonwelded tuff. Because
fractures provide the major conduits for movement of both vadose and ground
water in these tuffs, the correlation between density of fractures and degree
of welding of these tuffs becomes important for characterization of this
potential nuclear waste repository.

INTRODUCTION

During the last 5 years, the U.S. Geological Survey (USGS) has
participated in examining the feasibility of emplacing nuclear wastes in
southern Nevada, as part of the Nevada Nuclear Waste Storage Investigations
(NNWSI) project, administered by the Nevada Operations Office (NV) of the U.S.
Department of Energy (DOE) under Interagency Agreement DE-AI08-78ET44802. The
principal role of the USGS is the geological characterization of rock masses
being considered as underground nuclear waste storage sites. Site-specific
investigations have concentrated upon Yucca Mountain, an erosional remnant of
a thick sequence of Miocene ash-flow tuffs and related rocks. The mountain
consists of gently tilted mesa-like structural blocks in the southwestern
Nevada Test Site (NTS) and adjacent areas (fig. 1).

This report concerns the stratigraphic and structural character of two
drill holes, USW GU-3 and USW G-3, drilled 30 m apart as a two-stage
coordinated drilling and geophysical logging program. These two drilling
sites are the southernmost of a series of geologic drill holes within the
immediate area of investigation as a potential nuclear repository in the
central portion of Yucca Mountain (fig. 2). Continuous core was obtained
between January and June 1982 from these two drill holes to a depth of 1,533 m
with sufficient overlap to insure correlation between holes. Although
emphasis in this report is placed upon the lithologic, stratigraphic, and
structural character of the core recovered at drill holes USW GU-3 and
USW G-3, stratigraphic correlation between preexisting drill holes and
structural correlation with surface mapping on Yucca Mountain are also
presented.
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Metric units are used throughout this report. English unit conversion
factors are listed in table 1 for convenience.

Table 1.--Conversion factors for metric to English units

To convert Multiply
from To by
Kilometers Miles 0.62137
Meters Feet 3.2808
Centimeters Inches 0.39370

Drill-Hole History

The coordinated pair of drill holes, USW GU-3 and USW G-3 were cored in
two stages: USW GU-3 was cored in the unsaturated zone and USW G-3 was cored
largely in the saturated zone (table 2). This two-stage coring program was
designed to obtain maximum hole stability and to optimize conditions for wet-
hole geophysical logging above the zone of saturation. Drill hole USW G-3 was
spudded January 8, 1982, and completed March 21, 1982; this was followed by
drill hole USW GU-3 that was spudded January 26, 1982, and completed June 12,
1982. USW GU-3 was continuously cored from about 10 m to 806 m, and USW G-3
was continuously cored from about 795 m to 1,533 m. The core recovery record
is listed in appendix 1.



Table 2.--Abridged drill-hole history of USW GU-3 and USW G-3

Location

USW GU-3

USW G-3

Nevada State
Coordinates:

Ground
Elevation:

Drill rigs:

Drill-hole
sizes:

Circulation
media:

Drilling
record:

Well-site
geologists,
Fenix &
Scisson, Inc.
(F&S):

N. 752,690 ft.
E. 558,501 ft.

1,480.20 m

CP Rig (surface casing)
Joy #1 (drill hole)

Size/Depth interval
46.99 cm/ 0- 10.7 m
17.15 cm/ 10.7-348.7 m
10.00 cm/348.7-538.9 m

7.57 c¢cm/538.9-805.9 m

Polymer and
bentonite mud

Spudded:
Cored interval:
9.45 to 805.89 m
Completed coring:
June 12, 1982

M. R. Castellanos
M. P. Chornack

B. W. Cork

G. A. DePaolis

L. P. Escobar

H. E. Huckins

K. A. Johnson

L. P. Parrish

January 26, 1982

N. 752,780 ft.
E. 558,483 ft.

1,480.20 m

CP Rig (suface casing)
Ideco #37 (drill hole)

Size/Depth interval
44.45 cm/ 0 - 11.68
22.23 cm/ 11.6- 792.5
12.07 ¢cm/792.5- 794.9
10.00 cm/794.9-1,533.4

Air/soap and
polymer mud

Spudded:
Cored interval:
795.22 to 1,533.39 m
Completed coring:
March 21, 1982

M. P. Chornack
B. W. Cork

G. A. DePaolis
L. P. Escobar

H. E. Huckins

K. A+ Johnson

L. P. Parrish

R. L. Reed

33 3 3

January 8, 1982



Geophysical logs were run by Birdwell Division of Seismograph Service
Corp. and by Dresser Atlas Co. These logs include caliper, electric,
induction electric, density (borehole compensated), spectralog (U, Th, K
gamma-ray spectrals, gamma ray, gamma-ray neutron, compensated densilog, 3-D
velocity, geophone survey, neutron borehole compensated, epithermal neutron
porosity, and nuclear annulus. Results of investigations of these logs are
not presented in this report. In addition to these logs, a compass-oriented
TV camera was run to the static water level by Westech Geophysical Co.;
strikes of conspicuous fractures and faults are readily measured from tapes of
these TV runs. Finally, an Eastman Whipstock directional survey with 15-m
stations was conducted to a depth of 1,500 m in drill hole USW G-3. A
distinct deviation of the borehole from vertical occurs below 750 m; the hole
deviation at a depth of 1,500 m is about 200 m west and 25 m south of the spud
position and an 1nc11nat1on from vertical of nearly 25° exists below 1,500 m.
Drill-hole deviation will be discussed further in the section "Bedding and
Foliation." At select intervals covering approximately 10 percent of the
depth cored, oriented core was obtained by American Coldset Co. (appendix 1);
the attitudes of bedding, foliations, fractures, and faults that were obtained
from these cores will be discussed later.

Site Selection

The site for drill holes USW GU-3 and USW G-3 was chosen in the
southernmost portion of the area considered favorable for a nuclear waste
repository. The location on Yucca Crest was also picked to avoid shallow
encounter with abundant southwest-dipping faults and fractures in the
Abandoned Wash area to the east and north of the drill site (fig. 3).
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GEOLOGIC SETTING

Yucca Mountain is an eastward-tilted volcanic plateau which consists of a
thick sequence of ash-flow tuff and related rocks of Miocene age within the
southwestern Nevada volcanic field. Most of the exposures on Yucca Mountain
consist of the uppermost member of the Paintbrush Tuff, the Tiva Canyon
Member. The caldera source for the Paintbrush Tuff is the Claim Canyon
cau]dron, a segment of which is preserved immediately north of Yucca Mountain
(fig. 4) (Byers and others, 1976; Christiansen and others, 1977).
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The youngest ash-flow tuff in the Yucca Mountain area, the Rainier Mesa Member
of the Timber Mountain Tuff, preserved only in structural valleys (figs. 2 and
3), was erupted from the Timber Mountain caldera. The Crater Flat Tuff, older
than the Paintbrush Tuff, is exposed about 1 kilometer northwest of The Prow
(fig. 3). These older ash-flow tuffs probably erupted from the Crater Flat
caldera complex as proposed by Byers and others (1983), Carr (1982), and
Snyder and Carr (1982). Still older ash flows are found only in cores from
Yucca Mountain.

Yucca Mountain is cut by two sets of faults (Lipman and McKay, 1965;
Christiansen and Lipman, 1965; Scott and Spengler, 1982). One set is a north-
northwest- to north-northeast-striking, west-dipping set of normal faults that
breaks the gently dipping plateau into several eastward-tilted blocks
(fig. 3). Carr (1974) recognizes a component of left-lateral shear along
several north-northeast-striking faults in the region, and examples of this
sense of displacement are present on Yucca Mountain. The other set consists
of a series of northwest-striking strike-slip faults with apparent right-
lateral offset that are prevalent in the region between Drill Hole Wash and
Yucca Wash. The region near Abandoned Wash contains abundant north-northwest-
striking faults with apparent dip-slip displacements and superimposed, minor
right-lateral strike-slip motion. The proposed repository block between
Abandoned and Drill Hole Washes contains significantly fewer faults of either

type (fig. 3).

A generalized geologic section through Yucca Mountain from the rim of the
Claim Canyon cauldron rim north of Yucca Wash south to drill hole USW GU-3 and
USW G-3 is shown on figure 5. Nearly 2 km of ash-flow tuffs were drilled at
drill holes USW G-1, USW H-1, USW G-2, and USW GU-3 and USW G-3; in descending
order, these strata consist of the four rhyolitic to dacitic members of the
Paintbrush Tuff (Tiva Canyon Member, 13 m.y. old; Yucca Mountain Member; Pah
Canyon Member; and Topopah Spring Member, 13.5 m.y. old), the informally named
rhyolitic tuffaceous beds of Calico Hills (14 m.y. old), the three rhyolitic
members of the Crater Flat Tuff (Prow Pass Member; Bullfrog Member, 14 m.y.
old; and Tram Member), unnamed rhyodacitic to dacitic lavas, the rhyolitic
Lithic Ridge Tuff, unnamed rhyolitic to dacitic lavas (14.5 m.y. old), and
unnamed older ash-flow tuffs and bedded tuffs. The youngest ash-flow tuff in
the Yucca Mountain area, the 11.5-m.y. old rhyolitic Rainier Mesa Member of
the Timber Mountain Tuff, was not encountered in cores from Yucca Mountain.
The Rainier Mesa Member is not exposed along the generalized section on
figure 6 because this tuff is restricted to structurally low areas where it
covers the hanging wall sides of major north-northeast-striking, west-dipping
faults (figs. 2 and 3). Probably the Rainier Mesa Member never covered the
plateau-like tops of Yucca Mountain with continuous welded tuffs. Within this
report, all K-Ar ages (Marvin and others, 1970; Kistler, 1968) have been
converted to new decay and abundance constants (Dalrymple, 1979).
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STRATIGRAPHY

The vast majority of the rocks cored at USW GU-3 and USW G-3 are ash-flow
tuffs. Most of these ash flows are welded, compositionally zoned, and form
compound cooling units; examples of nonwelded, compositionally homogenous, and
simple cooling units are also present. In the following discussions and
appendix summarizing the lithologic character of these units (appendix 2), the
quantity of individual phenocryst phases will be expressed in percent of the
total phenocrysts; in several figures, the quantity of phenocrysts will be
expressed as the percent of the total rock.

In addition to abundant ash-flow tuff, minor intervals of bedded tuffs
were recovered; these tuffs include ash-fall tuffs, pumice-fall tuffs, and
reworked tuffs. The reworked tuffs have been affected by fluvial action, by
aqueous fluidized sheet runoff, and by aeolian reworking. In many cases,
distinctions among these different origins cannot be recognized and the
general term "bedded tuffs" must be used. These bedded tuffs may be (1)
products of subsequent eruptions petrologically related to the underlying
welded tuff, (2) products of erosion of nonwelded tops of the underlying
welded tuff or subsequent eruptions, (3) products of precursor eruptions, or
(4) products of erosion of precursor eruptions. Without extensive and
impractical study, distinctions among these possibilities are impossible.
Therefore, the bedded tuffs are not assigned to either the overlying or the
underlying ash-flow tuffs. By convention, bedded tuffs between ash-flow tuff
members or formations are given unnamed formation status. Although lavas were
encountered in drill holes USW G-1 (Spengler and others, 1981) and USW G-2
(Maldonado and Koether, 1983), none were cored in USW GU-3 and USW G-3.

The order of discussion will follow the descending stratigraphic order
encountered in drilling. Detailed petrographic descriptions of this core in
USW GU-3 and USW G-3 are given in appendix 2. Table 3 compares the drilled
thicknesses of strata from a series of drill holes on Yucca Mountain. In
addition, these stratigraphic units are plotted graphically on plate 1. The
drilled thicknesses in appendix 2, table 3, and plate 1 have not been
corrected for foliation and bed attitudes or for drill-hole deviation to
provide true stratigraphic thicknesses.

The stratigraphic descriptions have two objectives. One objective is to
describe the megascopic character of subdivisions observed in the USW GU-3 and
USW G-3 core (appendix 2) and to correlate those subdivisions with drill holes
USW G-1, USW G-2, and UE25b-1H (Lahoud and others, written commun., 1983).
This sequence of megascopic subdivisions is numbered in the order cored, that
is, in descending order. A different objective is to define a series of
subdivisons that have petrologic significance by using phenocryst modal data,
other petrographic thin-section data, and field data. These petrologic
subdivisions will provide a framework for more detailed future petrologic
investigations. The petrologic subdivisions are designed to identify the
sequence of eruptive surges or pulses, and, therefore, are lettered in
ascending order to match the eruptive order.
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Table 3.--Drilled thicknesses of strata at drill holes USW GU-3 and USW G-3
compared with those at drill holes UE25b-1H, USW G-1, and USW G-2
[Leaders (----) indicate absence of stratigraphic units. Brackets

indicate inclusive units.]

USW GU-3 and
and USW G-3  UE25b-1H!  usW H-12 usw G-13 usW G-24

Stratigraphic units (m) (m) (m) (m) (m)
Tiva Canyon Member 113.9 27.4 27.4 -—- 68.6
Bedded tuff ( {f 1.5 - 6.0
Yucca Mountain Member -— -—- 19.8 12.2 29.2
Bedded tuff -— 9.1 10.7 0.8
Bedded tuff (ash flow) ¢ --- --- --- 44.0
Bedded tuff 15.3 . - - 3.1
Pah Canyon Member -—- 5.1 90.0 30.5 70.9
Bedded tuff L 4.6 --- 8.8
Topopah Spring Member 299.5 338.3 350.5 356.3 287.0
Bedded tuff 2.0 10.7 4.6 6.6 17.0
Tuffaceous beds of

Calico Hills 528.6 <: 142.9 90.5 94.8 288.7
Bedded tuff 16.3 11.1 19.8 -
Prow Pass Member 131.5 152.9 134.7 107.1 176.1
Bedded tuff 4.0 1.7 6.1 6.4 10.2
Bullfrog Member 186.7 149.8 113.4 130.6 67.5
Bedded tuff 6.1 9.1 11.4 11.5 21.6
Tram Member 372.9 310.4 271.5 269.0 103.6
Bedded tuff 8.4 18.0 12.2 11.0 50.3
Lava (dacite) flow and

flow breccia - —-- 111.6 110.3 61.6
Bedded tuff - -— 7.9 7.9 13.8
Lithic Ridge Tuff 303.8 -~ 265.2 297.2 185.3
Bedded tuff 3.0 -— 8.5 5.9 7.3
0lder ash flows and

bedded tuff of USW G-1 745.1 - 320.0 323.0 8g.8
Bedded tuff -—- - -— _—— 5.5
Lava (rhyolitic) and

flow breccia -~ - - -— 101.0
Lava (quartz Tlatitic)

and flow breccia -—- -—-- - - 113.6
Bedded and ash-flow tuff --- - -— -— 10.1
Lava (dacitic) and

flow breccia -— -—- -— - 65.5
Bedded tuff, conglomerate,

and ash-flow tuff -—- -— - - 17.4
Older tuffs of USW G-2 -— -— -— -—- 19.3

indefinite.

00~ O U1 WM

Unit b (ash-flow

Lava is rhyodacitic in USW G-2.

Unit a Eash-flowg present only. o
present; units a and ¢ missing (Maldonado and Koether,

1983; Spengler and others, 1981).

Unit thicknesses from Lahoud and others, written commun., 1983.
Unit thicknesses from Rush and others, written commun., 1983.
Unit thicknesses from R. W. Spengler and others, 1981.

Unit thicknesses from Maldonado and Koether, 1983.
Correlation with tuffaceous beds of Calico Hills is probable but somewhat



Paintbrush Tuff

Drill holes USW GU-3 and USW G-3 were spudded into the resistant,
moderately welded, quartz-latitic caprock of the uppermost member, the Tiva
Canyon Member. An unknown thickness of moderately welded and nonwelded
portions of the uppermost Tiva Canyon Member, protected in downdropped blocks
bounded by normal faults at a few localities on Yucca Mountain, has been
removed by erosion at the drill site. The eroded portion includes the
moderately welded upper part of the light-brown caprock and overlying dark-
brown caprock and the original uppermost envelope of partially to nonwelded
tuff.

Neither the Yucca Mountain nor the Pah Canyon Members were recognized
within the bedded tuffs interval between the Tiva Canyon and Topopah Spring
Members; as no detailed petrographic examination in this bedded tuff interval
was performed, thin nonwelded distal edges of these interjacent ash-flow tuffs
may be present.

Tiva Canyon Member

The Tiva Canyon Member is a compositionally zoned, compound cooling, ash-
flow tuff that ranges from a high-silica rhyolitic base to a quartz-latitic
caprock (Byers and others, 1976). The upper part of the moderately welded
portion of the caprock and the nonwelded upper portion are missing at the
drill site; the lower portion of the moderately welded caprock and underlying
tuffs of the Tiva Canyon Member were drilled in 113.9 m. The Tiva Canyon
Member is petrographically distinguished by the mafic-rich (relatively
abundant bjotite, clinopyroxene, and orthopyroxene phenocrysts) caprock, by
the sanidine-rich and hornblende-rich lower portion, and by the presence of
sphene (6 to 19 grains per thin section) throughout the unit.

Field Subdivisions.--Field subdivisions of the Tiva Canyon Member have
been created to facilitate mapping the zonations within this well-exposed ash-
flow tuff at Yucca Mountain; Scott and others, 1983). Field mapping indicates
that distinct mappable subdivisions occur in the region of the drill hole.
These subdivisions in descending order, are the light-brown caprock, gray
caprock, upper cliff, upper lithophysal, lower cliff, gray clinkstone, red
clinkstone, lower lithophysal, hackly, columnar, and basal subdivisions
(fig. 6). These subdivisions are distinguished on a basis of distinctive
mineralogical, degassing, weathering, jointing, and welding features. For
example, the hackly subdivision has distinctive uneven fractures that break
the weathered surface into centimeter diameter rubble. Petrographic studies
indicate that differences in weathering characteristics are related to
differences in devitrification textures (Scott and others, 1983; Sharon Diehl,
USGS, written commun., 1982). Numerous measured sections (fig. 2) within the
Tiva Canyon Member establish the basic stratigraphic framework of the ash-flow
tuff on Yucca Mountain (fig. 7).

Megascopic Subdivisions.--Megascopic study of the core recovered at USW
GU-3 7n the Tiva Canyon Member has identified seven subdivisions; in
descending order, these subdivisions are (1) biotite-rich moderately welded,
(2) 1ithophysal moderately welded, (3) non-lithophysal moderately welded, (4)
lithophysal moderately to densely welded, (5) non-lithophysal moderately to
densely welded, (6) vitrophyre moderately to densely welded, and (7)
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Section 3 Section 4

dark brown caprock

light brown caprock

[ e————— —— — — F_
%—nonwelded to partially welded —————

~a—groded—m—

gray caprock—

upper cliff———-——————///////_——_

201 —upper |ithophysal
} lower cliff f
gray
clinkstone
-clinkstone
red
clinkstone—
60
—Ilower Iirhophysal———\

{

]
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1

Thickness (m)

1004
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108.2m
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6.5 m

Figure 6.--Field subdivisions of the Tiva Canyon Member based on measured
sections northwest (section 3) and southwest (section 4) of the USW GU-3
and USW G-3 drill holes. The thicknesses are indicated at the base of
each section. Locations of measured sections are shown on figure 2.
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moderately welded to nonwelded basal subdivisions (fig. 8). These
subdivisions are based principally upon visual semiquantitative approximations
of the degree of welding, the phenocryst content, and the lithophysal cavity
content. Approximations of the degree of welding were made from estimates of
the degree of flattening of pumice and the rock density. Detailed
descriptions of each of these subdivisions are given in appendix 2. Because
other drill holes on Yucca Mountain have penetrated little or none of the Tiva
Canyon Member, no drill-hole correlation is presented here. Figure 8 compares
the megascopic subdivisions to the percent of phenocrysts in the total
phenocrysts, to the percent total phenocrysts in the whole rock, and to the
degree of welding.

Petrologic Subdivisions.--Detailed thin section phenocryst modal analyses
(table 4 and appendix Z2), in conjunction with field and megascopic
observations, provide the data to establish subdivisions that form a
petrologic framework of the Tiva Canyon Member. The petrologic framework is
designed to recognize evidence of separate eruptive surges that are assumed to
have tapped different portions of the chemically zoned magma chamber.

In the case of the Tiva Canyon Member, there is fairly close
correspondence between field megascopic and petrologic subdivisions, but
significant differences do occur (fig. 9). The lithophysal subdivisions are
readily correlated from field subdivisions to megascopic subdivisions and to
petrologic subdivisions; the assumption is made that these represent
especially volatile-rich eruptive surges. The columnar subdivision includes
the thin vitrophyre in the core, but the columnar subdivision contains no
distinctive petrographic features; only a crystal-rich parting at 104.04 m
indicates that two separate eruptive events exist in this part of the Tiva
Canyon Member. Although the lower cliff subdivision stands out as a mappable
zone, it cannot be observed megascopically or petrographically in core
samples. Some confusion exists in the correlation of the uppermost
subdivisions; the more biotite-rich and phenocryst-rich gray caprock occurs
from 0.5 m below the crest of the mountain to about 5 m below the crest at
section 3 (fig. 6), but the same rock was apparently cored at about a 9.5-m
depth at drill hole USW GU-3. The uncored portion where the surface casing
was set (0-9.5 m) and the cement cored between 9.5 and 13.5 m prevented a
resolution of this apparent mismatch.

The Tiva Canyon Member groundmass is unaltered to partially altered, with
rare smectite and sparse calcite. The alteration studies of the groundmass,
discussed here and elsewhere in this report, are largely the results of
investigations by D. Bish (Los Alamos National Laboratory, written commun.,
1982) and to a lesser degree by P. D. Blackmon (USGS, written commun., 1982).

Bedded Tuff

Only 15.3 m of nonwelded bedded tuffs occur between the Tiva Canyon
Member and the Topopah Spring Member at USW GU-3 and USW G-3. At USW G-2,
this interval is 162.8 m thick and consists of Yucca Mountain and Pah Canyon
Members in addition to unnamed ash-flow tuffs and intervening bedded tuffs
(table 3). The remnants of this thick section at USW GU-3 and USW G-3
probably contain nonwelded equivalents of these ash flows but they have not
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been recognized. Included within these bedded tuffs are abundant layers of
pyroclastic-fall tuff, less common layers of nonwelded ash-flow tuff, and rare
Tayers of tuff reworked by fluvial or aeolian processes. For the most part,
these tuffs are vitric; however, several distinctive moderate-red, pale-
purple, pale-red, and grayish-red layers have been partially altered to sparse
to common smectite. These layers are widespread on Yucca Mountain and occur
above the Yucca Mountain Member where the member is recognized.

Paintbrush Tuff--continued

Topopah Spring Member

The Topopah Spring Member also is a compositionally zoned, compound
cooling unit that varies from a high-silica rhyolitic base to a quartz-latitic
caprock (Lipman and others, 1966). Petrographically, the Topopah Spring
Member is characterized by a mafic-rich (relatively abundant biotite and
clinopyroxene phenocrysts) and perrierite- or allanite-rich (14-19 grains per
thin section) caprock, by plagioclase/sanidine ratios greater than one, by a
near absence of hornblende in the lower portion, and by an absence of sphene
throughout (appendix 2 and table 4).

Megascopic Subdivisions.--Within the 300 m of ash-flow tuff cored at USW
GU-3, 1Z subdivisions are recognized from megascopic study of core. These
subdivisions, in descending order, are (1) biotite-rich nonwelded to
moderately welded, (2) biotite- and clinopyroxene-rich moderately welded
vitrophyre, (3) biotite- and clinopyroxene-rich moderately welded, (4) less
mafic-rich moderately welded, (5) abundant Tithophysal moderately welded, (6)
rare lithophysal moderately to densely welded, (7) sparse lithophysal
moderately to densely welded, (8) rare lithophysal moderately to densely
welded, (9) highly mottled moderately to densely welded, (10) densely welded
vitrophyre, (11) moderately welded to partially welded, and (12) basal
nonwelded subdivisions (fig. 10).

Aside from outstanding changes in degree of welding, state of
devitrification, and abundance of mafic phases, these units were recognized by
differences in the abundances of lithophysal cavities. Figure lla shows the
results of direct measure of void spaces along one section of the core from
the Topopah Spring Member of USW GU-3 compiled by Eric Larsen of Fenix &
Scisson (written communication); these data produce the same subdivisions seen
in field relationships and cores expressed by visual estimates in figure 11b
(Ma]?onado and Koether, 1983; Spengler and others, 1981; Scott and others,
1983).

Petrologic Subdivisions.--A total of at least nine petrologic
subdivisions, or probable individual eruptive surges, of the Topopah Spring
Member are proposed at USW GU-3 and USW G-3. The Towermost, A, is based upon
a high quartz content (as much as 25 percent). Surge B has intermediate

24



‘pop|oM A|asuap pue “pap|dam A|d93eJudpow ‘pap|am L||eljsed ‘pap|amuou
uwniod 3ybia 3yl JO 3seq 3yl e J[edS Y3} U0 g pue ‘W “d N

30 @8ubap jo juspuadspul dduepunge 3sAudousyd €sories 3sAudouayd ui sabueyd uodn paseq ade ybla 3yjz 01
*paplam A|d3eJapow “duAydoaltA ydLa-ausaxosAdout|d pue -d3130Lq

(I ybnouayl y) suoLsLALpgns

SL ¢ UOLSLALPQNS ¢pap|am A[93e4dpowW 03 PAPLIMUOU YdLu-33130Lq SL T UOLSLALPQNS

2160104194

*A19A1109dsau

:butpiam jo 33ubap ay3z 031 43984

*oesAydoyiL] Jo 3duepunge pue “Bulp|om

*aouepunge 3sA4o0uayd

dLjew pue dduepunge [esAydoyii| ‘bulp(sm jo 8suabop ul sobueyd uodn K|abue| paseq €uapuo Bulpusdsap
UL suoLstAatpgns oirdoosebaw 8yj s3SL| uwnjod 133] ayl
Jaquel buluads yedodo]l syl 4o suoisitAlpgns d160|ou3ad y3im suotstatpgns didodsebaw Jo uosiuaedwo)--+Q1 o4nbi

*€-N9 MSN 3[0Y | [LJp WOLS D401 UL punoj

(4uedsiad) (Juedsiad)
[ d N [ok4 ol (o} 06 (14
1 1 1 1 1
!
v peplemuou |pspg -2
oov
4. poplom K|Dijipd 04 KjejDieponN -1
9sp)2016D}d
euIpluD,
Y .oNcEM papjem Kjasuep ‘91Kydolrjipa-Q)
euexoikdoujid
244000
,
-OSE
s a peplem Kjesuep
oy Kjojpsepow ‘pejjiow AjybiH -6
peplem K esuaep
o o Klejpiepow ‘apsAkydoyy)| eJDy -8
—00¢
[ / pepjem Kjasuep
f a o4 Kjej0i9pow ‘eoskydoysl ©$i0dg-s
poplom Kjesuep —0G2
3 0y Kjejpiepow ‘enpskydoyyl| @4py -9
-00¢2
pepiom
o Kjojosopow ‘eoskydoyyl| 4uopungy-¢
\\ o ﬂ J g peplam Kjojpiepow ‘yYd11-21jDW $$987 -p
7 oS!
O peoplem Kj9;Di0pow
H | ‘4014 - quexosAkdoul|d pup 94ljoig -¢
— m” ===
I 2
Buipiem ¥o204 uj (sish120ueyd 1040 }JO 4ue3.408d $D SiSKI30UdYd)

4o eeubeg sishkiooveyd 0404

suo siAIpgns

21801041049

suoisiaipqns

o1doosobew

(si0jp0w) yydag



(*€86T €S43yj0 pue 3700S woJj pajdepy) °*uOLIRWLISD |[BNSLA AQ apew a4aM salilAed esAydoyii] uaddad
3y -(z °614) g pue 7 g sSUOLII3S paJnseaw ay} pue “¢-NY MSN T-Y MSN “Z-H MSN S3LOY ||lJp UIIM3aq
*€-N9 MSN d|0Y L[| Ll4p WOA} 340D UL Judd4ad SWN|OA
A31aed jesAydoyyti (e) cJaquay Huruds yedodo| ayj ul uoLjeuoz juaduad awnjoA A3LAed jesAydoyzii--<17 a4nb14

saosuepunge A31Aed |esAydoyizl} Jo uoliejauauo) ( q)

wuesay D -Q

8ssodg S >
UDwwoD ol -g Si9joWO| Y

Juopunqy 02 -0l

AK31ADD |DSAydousil judediad

o3}
si9jaw

24ing poysng
yinos

MmoJd 8yl
yiionN

$8141ADD

0]

|psAydoyy)] jusdiad swn|oA

04

1

Ol

0

(W) yidag

26



quartz contents (8 to 11 percent). Surges C, D, E, and F display distinctly
different abundances of 1ithophysal cavities and are assumed to represent more
volatile-rich portions of the magma chamber. The upper three surges, G, H,
and I, show progressive increases in crystal content from 5 to 17 percent.
Although the upper two units have significantly greater clinopyroxene
contents, the abundance of biotite relative to total phenocrysts does not seem
to change appreciably; thus the increase in total phenocrysts content gives
the caprock of the Topopah Spring Member the appearance of being biotite

rich. These petrologic subdivisions are very similar to those reported by
Lipman and others (1966).

The lower portions (vitrophyre to base) of the Topopah Spring Member are
in part unaltered and in part have minor alteration to rare to sparse
smectite. In the mottled subdivision (appendix 2), immediately above the
vitrophyre, the groundmass is partially altered to a trace of smectite. At
the base of the mottled subdivision, however, an interval is locally altered
to extensive smectite with 5-15 percent i1lite mixed layers,
heulandite/clinoptilolite, analcime, tridymite, cristobalite, and siderite.
This localized alteration seems to be associated with the devitrification
reaction formed at the top of the vitrophyre. Alteration of the groundmass
above this zone is limited to rare smectite and sparse calcite.

Bedded Tuff

A vitric bedded tuff zone, only 2 m thick, exists between the overlying
nonwelded ash-flow tuff of the Topopah Spring Member and the underlying
nonwelded ash-flow tuff tentatively assigned to the tuffaceous beds of Calico
Hills. This bedded tuff consists largely of poorly indurated vitric
pyroclastic fall debris and has no indication of significant alteration to
clays or zeolites.

Tuffaceous Beds of Calico Hills

Between the Topopah Spring Member of the Paintbrush Tuff and the Prow
Pass Member of the Crater Flat Tuff at Yucca Mountain, a series of rhyolitic
nonwelded ash-flow tuffs, lava flows, autobrecciated lava flows, and reworked
tuffaceous beds are informally assigned to the tuffaceous beds of Calico
Hills. Only the nonwelded ash-flow tuffs and thin bedded tuffs are found
south of Yucca Wash. Tuffs within this interval at USW G-2 and USW G-1 are
zeolitized, but core at USW GU-3 is vitric.

These tuffs at USW GU-3 are characterized by having an uppermost part
that is relatively rich in mafic phenocrysts (8 percent of the phenocrysts
consist of biotite, hornblende, orthopyroxene, and opaque phases with
plagioclase as the dominant feldspar), a middle part that has an intermediate
phenocryst assemblage, and a lowest part that is relatively rich in felsic
phenocrysts (only a trace of biotite and orthopyroxene is present, and
sanidine is the dominant feldspar) (fig. 12). Also, the lowest part of these
tuffs contains larger and more abundant lithic fragments than do the two upper
parts. This sequence is probably made up of at least three separate magmatic
pulses that tapped different portions of one chemically zoned magma chamber.
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Several lines of evidence suggest that the sequence of tuffs found in
core of drill hole USW GU-3 may differ from the tuffaceous beds of Calico
Hills at USW G-2 and USW G-1. (1) The hornblende and orthopyroxene found in
the upper part of USW GU-3 are not found in other cores. (2) In USW GU-3, the
upper part of these tuffs is characterized by a higher phenocryst content, a
higher mafic phenocryst content, and a plagioclase/sanidine ratio greater than
one, and the lower part of these tuffs are characterized by a lower phenocryst
content, a very low mafic phenocryst content, and a plagioclase/sanidine ratio
less than one. This sequence of changes in phenocryst ratios is the inverse
of that observed at USW G-2 (Maldonado, and Koether, 1983). (3) The
tuffaceous beds of Calico Hills thin from 290 m at drill hole USW G-2 to 95 m
at USW G-1 over a distance of only 2.5 km. At USW GU-3, almost 4.5 km farther
south, these tuffaceous beds are less than 30 m thick, close to the distal
ends of these tuffs.

D. L. Broxton of Los Alamos National Laboratory (written commun., 1983)
finds evidence to support the conclusion that the tuffs at USW GU-3 are near
the distal end of the tuffaceous beds of Calico Hills. The petrographic
character of the Towest ash-flow tuff at USW G-2 and USW G-1 is very similar
to the ash-fall bedded tuff found beneath the lowest ash-flow tuff of the
tuffaceous beds of Calico Hills at USW GU-3. Broxton records 52 percent
plagioclase, 30 percent quartz, 12 percent sanidine, 3.2 percent biotite, 1.5
percent hornblende, 1.3 percent opaque oxides, 0.3 percent orthopyroxene, and
0.1 percent clinopyroxene in the ash-fall tuff at USW GU-3 comapred to 51
percent plagioclase, 25 percent quartz, 18 percent sanidine, and 6.6 percent
biotite in the lowest ash-flow tuff at USW G-2 (Maldonado and Koether,

1983). Also Broxton emphasizes that the sanidines in these intervals are
similar in composition: Those from core of USW G-2 average Ory3, those from
USW GU-3 average ORy2). Biotite Mg/Mg+Fe) ratios are indistinguishable,
averaging 0.44 in both locations. Although phenocryst ratios in the core from
USW GU-3 are distinctive, Broxton found their compositions to be more similar
to phenocryst compositions in the tuffaceous beds of Calico Hills of other
cores than to those of the overlying Topopah Spring Member or the underlying
Prow Pass Member. We conclude that at distal ends of ash-flow sequences,
significant phenocryst ratio variations may occur, either by phenocryst
fractionation by flow mechanisms or by the presence of ash-flow not
representative of the sequence closer to the source. Correlation within the
tuffaceous beds of the Calico Hills remains problematic and more work is
necessary to define the tuffaceous beds from this interval, both at drill
holes USW GU-3 and USW G-3 and elsewhere.

A fundamental difference in style and degree of alteration exists between
the tuffaceous beds at USW GU-3 and the zeolitic tuffs found in cores and
exposures farther north in Yucca Mountain. The tuffs in cores from drill hole
USW GU-3 are essentially vitric, unaltered to partially altered, with only a
trace of smectite and sparse clinoptilolite. This interval in exposures and
drill holes in northern Yucca Mountain is highly zeolitic. The difference in
degree of alteration is probably related to the depth of the saturated zone,
the tuffaceous beds in the southern portion of Yucca Mountain near drill holes
USW GU-3 and USW G-3 are about 300 m above the saturated zone.
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Bedded Tuff

Between the lowest nonwelded ash-flow tuff assigned to the tuffaceous
beds of Calico Hills and the Prow Pass Member of the Crater Flat Tuff are 13 m
of pyroclastic-fall tuff cored at USW GU-3. As discussed above, these bedded
tuffs have phenocryst compositions and ratios very similar to those of the
Towermost ash-flow tuff assigned to the Calico Hills sequence at drill holes
USW G-1 and USW G-2. These bedded tuffs represent the distal margin of the
lowermost ash-flow tuff of the Calico Hills sequence. No observed sedimentary
structures indicate fluvial or aeolian reworking of this series of pyroclastic
beds that have grain sizes that range from ash to lapilli pumice. These beds
are also largely vitric and are only altered to sparse smectite and rare to
sparse clinoptilolite.

Crater Flat Tuff

The three members of the Crater Flat Tuff, the Prow Pass Member, the
Bullfrog Member, and the Tram Member (Carr and others, in press) constitute a
700-m-thick sequence, over one-third of the ash-flow tuffs cored at drill hole
USW GU-3.

Prow Pass Member

The Prow Pass Member in core from USW GU-3 appears to be a slightly
chemically zoned, simple cooling unit. However, the presence of a thin ash-
fall tuff in core from USW G-2 in the Prow Pass interval requires that the
Prow Pass Member be a compound cooling unit, at lTeast locally, even if these
divisions do not occur everywhere (Maldonado and Koether, 1983). Pale-
reddish-brown mudstone lithic fragments, phenocrysts of orthopyroxene, and
highly embayed quartz distinguish the member petrographically. Quartz is
subordinate to the subequal feldspars.

Megascopic Subdivisions.--Only three subdivisions can be distinguished
megascopically in the 131.5-m-thick Prow Pass Member at drill hole USW GU-3.
These consist of (1) a nonwelded upper unit, (2) a nonwelded to partially
welded middle unit, and (3) a relatively lithic-fragment-rich lower unit
(fig. 13). Minor trends in the total phenocryst abundance reflect the minor
changes in degree of welding.

Petrologic Subdivisions.--The three petrologic subdivisions compare very
closeTy to the three megascopic subdivisions. The lowest eruptive surge (A;
fig. 13) is also distinguished by its distinctively higher lithic fragment
content (2-3 percent), the middle eruptive surge (B) has a lower lithic
fragment content (1 percent) and a low orthopyroxene content (1 percent), and
the upper eruptive surge (C) contains significantly higher orthopyroxene
content (2-3 percent). These three petrologic subdivisions seem to correlate
well with the three subdivisions recognized in core from USW G-2 (Maldonado,
and Koether, 1983). Only the thin ash-fall tuff present at USW G-2 is not
observed between the lower and middle subdivisions of USW GU-3.
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Alteration in the Prow Pass Member is largely limited to rare to sparse
smectite and calcite and to common to extensive clinoptilolite, particularly
near the nonwelded basal portion. For the most part, the upper portion
remains in a relatively unaltered vitric state.

Bedded Tuff

Below the Prow Pass Member of the Crater Flat Tuff in core from USW GU-3
is a 4-m-thick bedded tuff that consists both of layers of distinctly cross-
bedded and channel-fill structures indicative of fluvial reworking and of
layers of more massive pyroclastic-fall debris. No appreciable rounding of
pumice fragments occurs in the fluvial layers; probably transport distances
were minimal. These tuffs are partially altered to rare to sparse smectite
and abundant to extensive clinoptilolite.

Crater Flat Tuff--continued

Bullfrog Member

At drill hole USW GU-3, the Bullfrog Member consists of two distinct
cooling units. An upper 165-m-thick unit is separated from a lower 20-m-thick
unit by a meter of bedded tuff, representing a complete cooling break.
Laterally, this double cooling unit configuration probably grades into a
compound cooling unit as the bedded tuff interval is not recorded elsewhere in
Yucca Mountain. Petrographically, the Bullfrog Member is characterized by
subequal amounts of feldspar, slightly subordinate quartz, relatively abundant
biotite, and minor but persistent, large (commonly 2 mm long) hornblende
phenocrysts. No evidence suggests that either of the two individual cooling
units at USW GU-3 are compound, and no evidence suggests that the thick upper
cooling unit of the Bullfrog Member was produced from a chemically zoned magma
chamber.

Megascopic Subdivisions.--The upper cooling unit of the Bullfrog Member
is broken 1nto /7 megascopic subdivisions and the lower cooling unit into four
megascopic subdivisions (fig. 14). Subdivisions of the upper cooling unit, in
descending order, are (1) lithic fragment-poor partially welded, (2) biotite
and hornblende-rich, partially welded, (3) biotite and hornblende-rich,
moderately welded, (4§ moderately welded to moderately to densely welded,

(53 mottled moderately to densely welded, (6) moderately welded, and

(7) moderately to partially welded. The lower cooling unit is subdivided only
on the basis of degree of welding and contains, in descending order,

(8) nonwelded, (9) partially welded, (10) moderately welded, and

(11) partially welded subdivisions. The bedded tuff that occurs between the
subunits F and B is well indurated but nonwelded and contains well sorted ash-
and pumice-fall tuff and unsorted ash-flow(?) tuff. Slight flattening of
pumice in these layers may be related to alignment of elongate pumice
fragments or by deformation during argillization and zeolitization.

Petrologic Subdivisions.--Only one petrologic subdivision can be
recognized within either the upper cooling unit or within the lower cooling
unit of the Bullfrog Member. The differences in the abundance of phenocrysts
seem to reflect merely changes in degrees of welding. Also, volume ratios of
sanidine to total feldspars range only between 0.39 and 0.47, and the volume
ratios of quartz to total feldspar range only from 0.21 to 0.29, except for
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the lowermost cooling unit that has a ratio of 0.12. Thus only two magmatic
pulses can be recognized from these data, distinguished on a basis of the
meter-thick well-indurated pumice-rich and ash-rich pyroclastic-fall layers,
and the low quartz to total feldspar ratio.

Within the upper cooling unit, the more highly welded part is relatively
unaltered, with alteration limited to rare to sparse smectite. However, the
bedded tuff below the upper cooling unit contains common to abundant smectite
and common clinoptilolite/mordenite, and the less welded Tower cooling unit
contains abundant clinoptilolite in addition to rare to sparse smectite. The
increase in zeolitization in nonwelded and partially welded tuffs at this
depth, approximately 775 m, may be related to the proximity of the static
water level, which is approximately 750 m deep, based on extrapolation from
the nearby hydrologic drill hole, USW H-3 (William Thordarson, USGS, oral
commun., 1983).

Bedded Tuff

STightly more than 6 m of bedded tuff separate the Bullfrog Member from
the Tram Member in drill hole USW GU-3. These beds include both reworked
tuffs and pyroclastic-fall tuff. Some of the pumice fragments in reworked
intervals appear to be slightly rounded. These tuffs are partially altered to
sparse smectite and to common to abundant clinoptilolite/mordenite.

Crater Flat Tuff--continued

Tram Member

The Tram Member (Carr and others, in press) is a thick (370 m), very
complex, compound cooling, ash-flow tuff that contains a large number of
partial and complete cooling breaks and numerous eruptive surges in core from
drill hole USW GU-3. Also, variations in mafic phenocryst abundances suggest
it may have been derived from a compositionally zoned magma chamber.
Petrographically, the Tram Member contains subequal amounts of sanidine,
plagioclase, and quartz, a significantly higher biotite content in the upper
portions, and a much higher lithic content in the lower portions.

Megascopic Subdivisions.--The Tram Member contains a very large number of
megascopic subdivisions; only the larger ones are separated here in appendix 2
and on figure 15. Particularly near the upper portion of the Tram Member, a
large number of very thin (less than 1 cm to less than 1 mm), subhorizontal
partings occur within the welded sequence (see appendix 2, from 800.21 to
828.76 m). In thin section, these partings consist of ash-sized particles in
layers that drape over lithic fragment and pumice fragment irregularities in
the lower subunits. Several of these partings contain layering suggestive of
graded bedding; perhaps these resulted from very short periods of ash-fall
activity between eruptive surges. Eruptive surges recorded in this interval
(816.80-824.54 m) average only 0.6 m thick, and range from 1.0 to 0.07 m
thick. Sequences of eruptive surges that may have produced thin deposits
similar to these have been observed along the flanks of Mount St. Helens
(Christiansen and Peterson, 1981; Rowley and others, 1981).
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Petrologic Subdivisions.--Considerable variation in phenocryst ratios
occurs within the Tram Member (fig. 15). Some trends in the ratios of biotite
and quartz are evident between about 800 and 825 m and between 925 and 950 m.
Also, nearly constant phenocryst ratios occur in the interval between about
830 and 890 m; however, the remainder of the Tram unit has exceptionally
random phenocryst ratios. The reason for this variation in phenocryst ratios
may lie in the abundance of thin eruptive surges originating from a chemically
inhomogeneous magma chamber. Another variable should also be considered: the
lithic fragment content also ranges considerably, particularly in the lower
part of the unit. These variations can also be used to identify eruptive
surges. However a scale problem exists; thin-section-based lithic fragment
abundances do not represent an accurate measure of the actual 1ithic fragment
abundance because many lithic fragments are as large or larger than thin
sections and are avoided because thin section samples are primarily selected
to obtain representative phenocryst ratios. Thus, megascopic estimates and
thin section point counts of lithic fragment contents are not highly
correlative. Probably a grid count of the core, using slabbed core with
0.5-cm grid spacing, would give a more representative value. Also note that
figure 15 shows no close correlation between the degree of welding and the
total abundance of phenocrysts, suggesting that variations of phenocryst
content are related to primary magmatic features such as variations in
composition or degree of crystallization. This relationship also suggests
numerous separate eruptive surges. Using a combination of available
phenocryst modal data, the occurrence of bedded horizons and horizontal
partings, and estimates of lithic fragment abundance and degree of welding a
minimum 28 separate eruptive surges are indicated in the 375-m-thick Tram
Member in core from USW GU-3 and USW G-3. A closer spaced sequence of
thinsections and a more detailed lithic fragment study probably would define a
considerably larger number of surges.

The major subdivision of the Tram Member into a lithic fragment-poor
upper part and a lithic fragment-rich lower part can be correlated to drill
holes USW H-1 (Rush and others, written commun., 1983), USW G-1 (Spengler and
others, 1981), and UE25b-1H (R. W. Spengler, written commun., 1982), but the
lithic fragment-poor upper part is missing at USW G-2 (Maldonado and Koether,
1983). The lithic fragment-rich lower part contains as much as 30 to 50
percent lithic fragments in all drill holes, but at USW G-2 a 45-m-thick zone
containing from 50 to 90 percent lithic fragments at the top of the Tram
Member appears to be unique to the northern part of Yucca Mountain.

At drill holes USW GU-3 and USW G-3, in the lithic fragment-poor upper
parts of the core, silicic lithic fragments dominate over fragments of more
intermediate composition lavas. In the lithic fragment-rich lower part, more
intermediate composition lithic fragments dominate down to about 1,068 m,
silicic lithic fragments dominate down to about 1,138 m, and intermediate
fragments dominate again in the lowermost megascopic subdivision to 1,173 m.

The degree of alteration of the groundmass of the tuff to zeolite and
clay is considerably greater than in overlying units. This increase may be
the effect of saturation with pore fluids below the static water level, the
higher thermal state, and (or) the effect of the lower degree of welding of
the Tram Member relative to the Bullfrog Member. The groundmass of the less
welded, uppermost megascopic subdivision is partially altered to sparse
smectite, abundant clinoptilolite and common mordenite; the more welded
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subdivisions, 2 to 7, are unaltered to partially altered to rare smectite; the
subdivisions above the vitrophyre, 8 and 9, are partially altered to sparse
smectite, common clinoptilolite, and a trace of mordenite; the vitrophyre
itself, subdivision 10, is partially altered to sparse smectite and
clinoptilolite; and subdivisions 15 to 17 have a distinctive greenish
alteration with disseminated pyrite in both lithic fragments and groundmass
and have pumices that are more extensively altered to sparse to extensive
smectite, common clinoptilolite, and sparse mordenite.

Bedded Tuff

The moderately to well indurated bedded tuff under the Crater Flat Tuff
is nearly 8.5 m thick in core from drill hole USW G-3 and consists largely of
pyroclastic-fall material of both lapilli and ash sizes and may contain minor
reworked sedimentary tuff. Pumice fragments are selectively altered to
extensive pale-blue-green smectite and the ash is partially altered to a
sparse mixed layer clay consisting of smectite and illite, abundant
clinoptilolite, a trace of analcime(?), sparse calcite, and disseminated
pyrite. Carbonized wood fragments (conifer) occur at 1,173.6 m and suggest
that, during the period between eruption of the Lithic Ridge Tuff and the Tram
Member, conifer forests were at least locally established.

Lithic Ridge Tuff

The Lithic Ridge Tuff (Carr and others, in press) forms a 304-m-thick,
very complex, compound cooling ash-flow tuff that contains multiple eruptive
surges at drill hole USW G-3, much like the Tram Member. Also, like the
overlying Tram Member, the Lithic Ridge Tuff is compositionally
inhomogeneous. The conspicuous presence of sphene in the Lithic Ridge Tuff is
the petrographic feature that most readily distinguished these tuffs from
those of the Tram Member. Because of extensive alteration, however, the
presence of sphene is difficult to ascertain in many intervals. The Lithic
Ridge Tuff has a biotite-rich and quartz-poor upper part, and a low quartz,
moderate sanidine, and dominant plagioclase content throughout most of the
cooling unit.

Megascopic Subdivisions.-- Nine megascopic subdivisions of the Lithic
Ridge Tuff have been identified (fig. 16). In descending order, these
subdivisions are: (1) biotite-rich nonwelded to moderately welded, (2)
biotite-rich moderately welded, (3) partially welded, (4) nonwelded to
partially welded, (5) partially welded to moderately welded, (6) partially
welded, (7) moderately welded, (8) partially welded to moderately welded, and
(9) moderately welded to partially welded. It is of interest that a
carbonized conifer wood fragment was recovered in subdivision 9, at
1,485.22 m, just 0.07 m above the bedded tuff underlying the Lithic Ridge
Tuff. Thus, in the period between eruption of the older tuffs and the Lithic
Ridge Tuff, conifer forests existed between the caldera source of the Lithic
Ridge Tuff and the location of drill holes USW GU-3 and USW G-3.

Petrologic subdivisions.--The number of petrologic subdivisions that can
be estabTished for the Lithic Ridge Tuff at drill hole USW G-3 is only minimal
because a large number of relatively small variations in the degree of welding
(subdivisions C, D, and E) and variations in lithic fragment content
(subdivision J+) have not been counted. A combination of evidence of separate
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eruptive surges is based upon total phenocryst content, large changes in
degrees of welding, and distinct changes in lithic fragment content.
Subdivision A is separated from B on a basis of a distinctly lower lithic
fragment content in A. Subdivision B has a significantly lower sanidine and
higher plagioclase content than does C. Subdivisions C, D, E, and F are based
on cyclic variations in the degree of welding. Subdivisions F and G have
subequal feldspars. Subdivision G has a higher lithic content than F,
compared to a high plagioclase/sanidine ratio in H. Subdivision H has a
significantly higher lithic fragment content than does I. Subdivisions J+ and
K+ not only become more crystal-rich but also become progressively more
biotite- and plagioclase-rich at the expense of quartz and sanidine; also,
these subdivisions contain an uncounted number of alternating lithic-fragment-
rich and -poor zones. The uppermost subdivision, L, is more lithic-fragment
rich than K+ immediately below.

These petrologic subdivisions cannot be correlated to other drill holes
in detail with available data; however, the upper part of the Lithic Ridge
Tuff at drill hole USW G-2 has the same petrographic characteristics as
subdivisions J+, K+, and L in core from USW G-3. Evidence of chemical
inhomogeneity includes (1) difference in phenocryst ratios, (2) coexistence of
light and dark colored pumices, and (3) irregular patches of light and dark
colored groundmass. The first two are also characteristic of the quartz
latitic caprocks of the Tiva Canyon and Topopah Spring Members of the
Paintbrush Tuff, but the patchy groundmass seems unique. Although detailed
petrographic and chemical data have not been collected to prove that patches
of groundmass originated from separate parts of a compositionally inhomogenous
magma chamber, this seems to be a 1ikely explanation because the patches do
not appear to be related to alteration discoloration. These patches or
mottled zones are abundant in the megascopic subdivisions 7 and 8.

Alteration of the Lithic Ridge Tuff is more extensive than in higher
units, and the transition from clinoptilolite to analcime occurs within this
interval. In the upper three megascopic zones, sparse smectite, common
clinoptilolite and analcime, and disseminated pyrite occur. Megascopic zones
4 and 5 are similar to those above except smectite is more abundant, zeolites
are less abundant, and pyrite is absent. Common smectite and clinoptilolite,
sparse analcime, and abundant calcite characterize alteration in subdivisions
6 and 7. Below a transition zone in subdivision 8, where sericitic alteration
of plagioclase occurs, subdivision 9 contains abundant analcime, common
smectites, and disseminated sulfides.

Bedded Tuff

The bedded tuff below the Lithic Ridge Tuff is only 3 m thick, consists
of pyroclastic ash and pumice for the most part, and contains rare evidence of
minor fluvial reworking, indicated by the termination of sedimentary bedding
planes by sedimentary structures such as channels and crossbedding. These
bedded tuffs range from poorly to well indurated and consist of moderately
sorted layers that contain variable amounts of ash, pumice, and lithic
fragments. Carbonized wood fragments occur at 1,485.47 m, suggesting that
these tuffaceous beds are precursors of the Lithic Ridge Tuff which also
incorporated fragments of conifers.
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Older Ash-Flow Tuffs

The Towest units in drill hole USW G-3 are the unnamed older tuffs. At
drill hole USW G-1, a 320-m-thick sequence was cored; at USW G-3, 45 m were
recovered, and at USW G-2, only 19 m were cored before drilling was terminated
within the older tuffs. The portion of tuff penetrated at USW G-3 forms a
rhyolitic, compositionally homogenous, simple cooling unit. Petrographically,
very little variation occurs in a subequal sanidine, plagioclase, and quartz
phenocryst assemblage that coexists with 2-4 percent biotite; this tuff seems
to correlate with unit A in core from drill hole USW G-2 (Maldonado and
Koether, 1983).

Two megascopic subdivisions are recognized by changes in degree of
welding. No petrologic subdivisions are recognized in this seemingly
homogeneous unit (fig. 17).

Alteration within the older tuffs has converted much of the groundmass to
sparse smectite and common analcime. Pumice fragments have been totally
altered to clays, zeolites, and calcite.

Physical-Property Stratigraphy

For the purpose of nuclear waste disposal, the alteration mineralogy of
the matrix and the physical property of the rock are far more significant than
are traditional stratigraphic criteria. In the case of ash-flow tuffs, these
traditional stratigraphic criteria are based upon petrologic breaks defined by
phenocryst ratios that have very little influence upon the capacity of the
rock to retain or transmit radionuclides. Original chemistry ranges only from
rhyolitic to quartz latitic compositions within these ash-flow tuffs and is
regarded as relatively insignificant to radionuclide behavior in vadose or
ground water. Secondary mineralogical changes are large; alteration phases
are important because of their variable thermal and sorptive properties.
Discussion of these changes in greater detail than that presented in the
preceding stratigraphic section is beyond the scope of this report; a
forthcoming report by D. L. Bish and coworkers of Los Alamos National
Laboratory will address the alteration at USW GU-3 and USW G-3; also, detailed
reports of the alteration within core from drill hole USW G-1 (Bish and
others, 1981) and USW G-2 and UE25b-1H (Caporuscio and others, 1982) are
available.

The rockmass physical properties of the tuffs within Yucca Mountain are
of considerable interest and concern, primarily because of the high degree of
correlation between the degree of welding and related rock mass physical
properties such as porosity, dry bulk density, thermal conductivity, and
fracture density (Scott and others, 1983). Figure 18 shows the close
relationship between degree of welding, porosity, and dry bulk density in the
Tiva Canyon Member of the Paintbrush Tuff. Similar relationships exist for
lower stratigraphic units except where alteration in the form of
zeolitization, argillization, and silicification change both the porosity and
density. With increasing depth and increasing degree of alteration, the
dependence of physical properties upon the degree of welding decreases;
however, the degree of welding is still the primary control of these
properties.

40



24

¥o04 ul syshkioouayd
(4usoused)

oe Sl ol S
1 1

\

sjskiooueyd

T T T
a W d N

Buipjem jo ee4beg

ov

*UOLSN|ouod Aue 40j SLSeq |eOL3SLIe3S punos e
w404 30U Op 3SLXd Op 3ey3 sjurod ejep oMl ayj pue ¢abuns aar3dnua auo ueyyz ausow juaoddns 03 3SLX® J0U Op
B3RQ °*€-H MSN @0y ||lJp 1O 340D WOUS S}4n] JSp|0 3Y] 10 suoLSLALpgns oLbojouzad pue ordoosebay--*/1 aunbl4

(4ueoased)
og oc ol
1 | 1
® 0 X —0€eGI
—02s!
o
®
A~
>
papjam Kjesuap -
v o Ajejpiepow o} papjem Kjejpiapon (2 —0Isi w
o
~
n
A
ajnoig- X
tjionp-p0
suIpIUDS. —006§!
#sp(201BD|d- O
w 0O x
papjam K||DijiDod o} pep|amuoN (I
wlidl

( s¢shiooueyd |ojo; j0
juddsed so syshkiooudyd)

suojisiaipgns
o1B60j04)0d

suoisiaipqns o1doosobeap

4]



501
e
welded
\ nhon Upper Part
° O Caprock and upper cliff
Central Part
X Upper lithophysal to hackly
Lower Part
® Columnar and basal
40-
partially
wel/ded
304
<
o
©
L
@
&
>
L 3
»
o
S
c
20 -
(o N
moderately
welded
10—
densely
welded
O T T 1 Ll
1.2 1.6 20 2.4

Dry Bulk Density (g/cm?)

Figure 18.--Relations between dry bulk density, matrix porosity, and degree
of welding of the Tiva Canyon Member collected from surface exposures in
measured sections at Yucca Mountain. The central portion includes
the devitrified zones: the hackly, lower lithophysal, clinkstone, and
upper lithophysal field subdivisions. Brackets show the general
regions typical of rocks of different degrees of welding. Samples from
the lower portion of the cooling unit are shown by solid circles, the
central portion by crosses, and the upper portion by open circles. From
Scott and others (1983).
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Because of this primary control and because of the importance of physical
properties to the engineering design of a nuclear waste repository, a valuable
way to express stratigraphy is to construct a physical-property stratigraphic
sequence from variable degrees of welding (fig. 19). The physical-property
subdivisions shown on figure 19 were produced by placing bedded tuffs and
nonwelded to partially welded ash-flow tuffs into one category, and moderately
to densely welded ash-flow tuffs into a second category. The first category
consists of relatively low-density rocks that are more porous and less
fractured than those in the second category, which consists of relatively
high-density rocks that are less porous and more fractured. The variability
in this physical-property stratigraphy over a distance of only 8 km from drill
holes USW GU-3 and USW G-3 in the south to drill hole USW G-2 in the north is
considerable.

Detailed investigations of the physical properties of the Tiva Canyon
Member of the Paintbrush Tuff were possible because of the excellent three-
dimensional exposures of this member at Yucca Mountain. The Tiva Canyon
Member is very similar in overall character to the less well exposed Topopah
Spring Member. This similarity is supported by the observation that the
physical properties of surface samples of the welded Tiva Canyon Member are
comparable to those of core samples of the welded Topopah Spring Member
(Lappin and others, 1982; Olsson and Jones, 1980). In addition to studies of
the more welded units, determinations of physical properties have been made
for the bedded and nonwelded tuffs (Lappin, 1982). These physical-property
studies are augmented by petrological and chemical studies made at the Los
Alamos National Laboratory (Caporuscio and others, 1982), which describe the
character of clay and zeolite alteration in both welded and nonwelded tuffs.

The funadmental control on the hydraulic conductivity within ash-flow
tuffs is the density of fractures; fracture hydraulic conductivities are
several orders of magnitude greater than matrix hydraulic conductivities
(Scott and others, 1983; Winograd and Thordarson, 1975). Because fractures
are at Teast an order of magnitude more abundant in moderately and densely
welded tuffs than in nonwelded or partially welded tuffs, a physical-property
stratigraphy defined by degrees of welding is also a very critical parameter
for hydrologic considerations.

Chemical Character

The ash-flow tuffs of Yucca Mountain fall into a relatively narrow range
of silicic compositions, between high-silica rhyolite and quartz latite. The
Tiva Canyon and the Topopah Spring Members of the Paintbrush Tuff contain two
compositional end members, high-silica rhyolite in the basal parts and quartz
latite in the caprocks, separated by a composition gap (Lipman and others,
1966). The Prow Pass and Tram Members of the Crater Flat Tuff and the Lithic
Ridge Tuff show evidence of compositional zonation but to a lesser degree
(Byers and others, 1983) with no composition gap. X-ray fluorescence analyses
of major and minor elements are summarized in table 5 for ash-fall tuffs
sampled in drill holes USW GU-3 and USW G-3, USW G-2, and USW G-1 and from
outcrops at Yucca Mountain; normative analyses calculated from major elements
are listed in table 6 and plotted on the normative quartz-albite-orthoclase
and anorthite-albite-orthoclase phase diagrams (fig. 20). Iron oxidation
states are calculated using the dependence of Fe0 and Fep03 mole fractions
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Figure 19.--Comparison between stratigraphic units defined by traditional
petrologic criteria and those defined by physical-property criteria.
The conventional stratigraphic nomenclature based upon petrologic
criteria is given for drill holes USW GU-3 and USW G-3 on the left and
the physical-property stratigraphies based on degree of welding for drill
holes USW GU-3 and USW G-3, USW G-1, and USW G-2 are drawn in order
toward the right. The conventional stratigraphic names of major units
are also listed on the far right for general reference but exact
boundaries are not shown. The shaded zones represent moderately welded
to densely welded rocks; unshaded zones present nonwelded to partially
welded rocks. From Scott and others (1983).
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[CIPW normative calculation using program developed by Stuckless and Van Trump
Normative minerals Q, C, Or, Ab, An, Wo, En, Fs, Mt,
corundum, orthoclase, albite, anorthite, wollastonite, enstatite, ferrosilite,
magnetite, ilmenite, and apatite, respectively.
numbers from table 5]

(1979).

Table 6.--Normative analyses calculated from major elements

I1, and Ap are quartz,

Analysis numbers refer to sample

Normative
minerals 1 2 3
Q 17.838 7.050 31.907
C 0.0 0.0 0.589
Or 32.042 34.115 28.125
Ab 36.775 29.743 36.409
An 6.151 5.415 0.742
Wo 2.631 19.531 0.0
En 1.379 1.413 0.455
Fs 0.824 0.915 0.812
Mt 1.100 0.984 0.618
I 0.954 0.655 0.251
Ap 0.316 0.184 0.096
8 9 10
Q 38.085 32.639 38.808
C 1.232 0.475 1.251
Or 31.625 28.883 30.529
Ab 24.466 31.257 22.780
An 2.855 3.328 4,041
Wo 0.0 0.0 0.0
En 0.393 1.347 0.543
Fs 0.707 1.182 1.167
Mt 0.381 0.621 0.616
I 0.160 0.174 0.166
Ap 0.100 0.097 0.103
15 16 17
Q 36.766 34.075 28.776
C 4,731 1.966 1.089
Or 24.622 26.934 32.711
Ab 18.575 21.029 25.802
An 6.220 9.263 7.579
Wo 0.0 0.0 0.0
En 2.946 2.002 1.244
Fs 2.754 2.320 0.939
Mt 1.839 1.288 1.063
Il 1.052 0.783 0.626
Ap 0.505 0.351 0.176
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4 5 6 7
35.871 17.387 23.676 35.905
0.862 0.295 0.026 0.865
26.689 33.948 32.137 28.839
32.290 37.387 34.729 30.195
1.698 6.386 6.017 2.433
0.0 0.0 0.0 0.0
1.120 1.245 0.862 0.288
0.652 1.334 1.155 0.813
0.485 0.991 0.753 0.426
0.238 0.814 0.503 0.140
0.099 0.218 0.145 0.099
11 12 13 14
33.212 30.456 31.979 35.170
0.938 1.280 0.987 1.129
30.046 24.872 31.216 20.501
30.695 33.493 30.520 3Q0.335
2.565 5.882 2.876 8.160
0.0 0.0 0.0 0.0
0.482 0.815 0.483 1.545
1.189 1.688 1.088 1.501
0.606 0.980 0.563 0.945
0.174 0.435 0.194 0.519
0.097 0.103 0.097 0.199
18 19 20 21
27.884 33.500 36.709 39.526
1.207 1.369 1.520 3.015
31.689 26.630 34.221 26.925
26.500 29.108 21.089 22.335
8.076 5.173 3.116 4.195
0.0 0.0 0.0 0.0
1.469 1.276 1.210 1.852
1.199 1.520 1.026 1.083
1.213 0.910 0.660 0.653
0.591 0.417 0.354 0.318
0.178 0.099 0.098 0.099



EXPLANATION

15
? Numbers refer to table 6

® Fresh sample (table 5)

Ab

Figure 20.--Normative quartz-albite-orthoclase (Q-Ab-Or) diagram.
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upon the fugacity of oxygen, temperature, and major element bulk composition
(Sack and others, 1980). Lipman (1971) provided the fugacity of oxygen and
temperature data based upon coexisting iron-titanium oxide equilibria. The
calculations show the weight percent FeO/Fep03 ratios to be about 1.93 to 1.94
for the sphene-absent Topopah Spring Member, and about 1.46 to 1.50 for the
sphene-bearing Tiva Canyon Member; thus, sphene-bearing ash-flow tuffs are
considerably more oxidized. It is of interest to note that the calculated
iron-oxide ratios for the rhyolitic bases of each tuff are nearly identical to
the more quartz latitic caprocks. This uniform oxidation state suggests that
even though a composition gap exists between the quartz latitic caprocks and
the rhyolitic basal portions of these two members, oxygen activity
communication existed between these portions of their compositionally zoned
magma chambers.

Caprock samples 1 and 5 (Tiva Canyon and Topopah Spring Members,
respectively) in figure 20 are considerably more normative feldspar-rich than
corresponding fresh Tower portions of the cooling units (dashed line connects
the Tiva Canyon Member pair). This supports Lipman and others (1966) and
Hildreth's (1981) conclusions that these caprocks crystallized at relatively
greater depths or higher pressures even though these pressures cannot be
quantified. Also note the very tight grouping of freshest Prow Pass Member,
Bullfrog Member, and Lithic Ridge Tuff samples (9, 11, 13, and 19) suggesting
that relatively little petrologic difference exists between these units.

The original chemistry of ash-flow tuffs is almost ubiquitously altered
to at least some small degree by reaction with deuteric fluids, ground water,
and possible hydrothermal fluids (Scott, 1971a; Scott, 1971b). Lipman (1965)
has pointed out that the composition most representative of an original
magmatic composition is that of densely welded, relatively nonporous,
devitrified tuffs that do not contain high water contents. Those analyses in
table 5 that fit this category, and have major element analyses that have no
obvious indication of major alteration, are analyses numbered 1, 3, 5, 7, 9,
11, and 13, shown as solid circles on figure 20. Except for the distinct
compositionally zoned Tiva Canyon Member (analyses 1 and 3) and Topopah Spring
Member (analysis 5), all these analyses fall into a relatively tight
cluster. Byers and others (1983) have noted, however, that Crater Flat Tuff
analyses indicate an evolution from relatively high pressure crystallization
conditions for the oldest member, the Tram, progressively to relatively low
pressure during crystallization of the youngest member, the Prow Pass. More
explicitly, Byers and others (1983) show a progressive decrease in normative
albite in the calculated compositions of melts with decreasing age, suggesting
decreases in either total pressure or partially water pressure during
crystallization. This trend is correlated with a significant increase in the
degree of resorption of quartz phenocrysts with decreasing age, further
suggesting that an old Tram Member composition magma and associated
phenocrysts progressively migrated to shallower (lower pressure) regions to
erupt the Bullfrog Member, and with further evolution and upward migration, to
erupt the Prow Pass Member. This change in pressure would not only tend to
resorb quartz but would tend to crystallize increasing quantities of
feldspars. If these feldspars can be removed by a mechanism similar to
plating out on magmatic margins, this evolution would produce an increase in
the size of the Eu anomaly (fig. 21; R. B. Scott, written commun., 1983). A
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Figure 21.--Chondrite-normalized rare-earth element patterns for the Tram
Member (sample G-1-1071.85), the Bullfrog Member (sample Tsv 86e) and the
Prow Pass Member (sample 8BS 22/10/8). These analyses are representative
of 4 analyses of each tuff. Not only does the size of the negative Eu
anomaly increase from the Tram Member to the Prow Pass Member
progressively, but the heavy rare-earth element abundance increases
significantly and the light rare-earth element abundance tends to
decrease. Mechanisms to explain these observations await more extensive
studies.
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unique interpretation of the mechanism for this evolution of the Eu anomaly is
premature; however the progressive growth of this anomaly with decreasing
depth is significant independent evidence that the Crater Flat Tuffs are
genetically related.

Stable Oxygen and Carbon Isotopic Character

Results of 180, 160, 12C, and 13C studies of calcite fracture fillings in
Yucca Mountain suggest several re]ationships18 These ggta are reported in
table 7 and shown on figure 22 in terms of 6*“0 and 6*°C values.

Data from ca]citeSfracture filling f{gm USW G-2 and UE25a-1 follow a
trend of decreasing 6“0 and increasing 6*°C with gepth; data from USW GU-3
follow a similar trend but are offset to higher sl C values. Studies of
meteoric water and calcites from the Nevada Test Site indicate that the source
of oxygen is meteoric water (J. N. Rosholt, USGS, written commun., 1982).
However, three sources of chbon exist: (1) atmospherxc COo> which would
result in carbonates wi¥9 C values near -1 at 20°C, (2) carbon in the tuffs
which would result in ¢ ? ues near -20, or (3) carbon in organic matter
which would also regult in 6 C values near -20. Probably the nearly linear
relation between 6180 and 613C found in calcites from USW G-2 and UE25a-1
results from an increase in the temperature of the meteoric water as it
descends through the tuffs, where atmospheric carbon (COp) contribute about
2/3 of the total carbon to the system. In contrast, the trend of USW GU-3
calcites suggests that, although a similar temperature dependent fractionation
of oxygen and carbon isotopes affect the system, a significant increase of
atmospheric CO2 enriches the system in 3¢

STRUCTURE

Determination of stratigraphic thicknesses and structural attitudes
within a core requires corrections for drill-hole deviation by directional
surveys and attitude measurements made from oriented core. The Eastman
Whipstock directional survey was made from 15-m stations in drill hole USW G-3
to a depth of 1,500 m and is shown on figure 23. Intervals of oriented core
covered about 8.5 percent of the cored rock in USW GU-3 and G-3 combined
(appendix 1). Plate 1 reports the drilled thicknesses of units, the
uncorrected number of natural fractures per unit distance cored, and the core
index. The core index is a measure of the degree of natural and induced
breakage during coring (J. R. Ege, USGS, written commun., 1975); this index is
a valuable source of data for mining engineering factors for a repository.

Bedding and Foliation

One objective of obtaining oriented core is to determine the attitude of
bedding within tuffaceous layers and planes of foliation within ash-flow
tuffs. Table 8 lists the depths of oriented cores, the angle of inclination
of the drill hole, and the necessary corrections to obtain the true depth.
Based on these corrections, the drilled distances to key stratigraphic
horizons are contrasted with the true depth to the horizons given at the
bottom of table 8. These data are combined with the measure of dips of bedded
tuff and foliation planes in welded ash-flow tuffs (table 9) to calculate true
thicknesses of major stratigraphic units (table 10). However, these
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Table 7.--Stable isotopic analyses of fracture filling calcite
from drill holes USW GU-3, USW G-2, and UE25a-1

[Data for USW G-3 from B. J. Szabo and K. Kyser, USGS, written commun., 1983.
Data USWG-2 and UE25a-1 from J. N. Rosholt, USGS, written commun., 1982.]

Drill hole Depth (m) §13¢ (permi1)l 5180 (permi1)?
USW GU-3 63 ' -7.06 +20.23
USW GU-3 131 -5.11 +20.16
USW GU-3 145 -5.44 +20.28
USW GU-3 159 -5.58 +20.04
USW GU-3 318 -5.10 +19.11
USW GU-3 331 -4.54 +18.73
USK G-2 280 -8.35 +19.21
USW G-2 302 -7.90 +19.31
USW G-2 347 -7.43 +18.22
USK G-2 347 -7.37 +18.30
USW G-2 349 -7.47 +18.19
USW G-2 349 -6.93 +18.13
USW G-2 359 -6.82 +17.98
USW G-2 361 -6.56 +17.77
UE25a-1 34 -4.52 +20.00
UE25a-1 283 -6.33 +17.60
UE25a-1 611 -5.41 +15.60

% Relative to PDB standard.
Relative to SMOW standard.
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UE25a-1

\
1200m

. <
750 m / USW G-1

|
/1800 m

Figure 23.--Drill-hole deviation directions on Yucca Mountain. No horizontal
scale is given because the amount of lateral deviation varies greatly
between drill holes; for this reason, line lengths represent percent of
horizontal deviation. Note that drill holes within Drill Hole Wash
deviated in a southwest direction and drill holes outside of the wash
deviate slightly south of west. The significance of these deviation
directions will be discussed later.
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Table 8.--Drill-hole deviation and correction at drill holes
USW GU-3 and USW G-3

USW GU-3 USW G-3

Drilled Drilled

Distance Ang]e1 Correction Distance Angle Correction
_(m)  (deg) (m) (m) (deg) (m)
43,28 1.0 -0.00 819.00 7.0 -3.66
106.68 0.75 -0.01 855.57 7.2 -3.94
162.15 0.9 -0.01 901.90 8.5 -4,37
214.58 1.25 -0.02 945.49 10.2 -4.96
308.76 1.8 -0.05 1,040.89 14.2 -7.20
356.01 2.7 -0.08 1,149.10 14.8 -10.70
431.60 3.4 -0.19 1,212.49 15.2 -12.86
493.16 3.25 -0.29 1,260.35 17.0 -14.74
725.42 5.5 -0.98 1,322.83 18.6 -17.73
762.91 5.1 -1.13 1,387.14 21.5 -21.62
800.71 5.5 -1.30 1,464.56 24.1 -27.67

1,533.39 24.9 -33.88

Corrected Stratigraphic Horizons

Drilled Distance True Depth

(m) (m)
Base of Tiva Canyon Member 113.90 113.89
Top of Topopah Spring Member 129.19 129.18
Base of Topopah Spring Member 428.65 428.46
Top of Prow Pass Member 475.56 475.30
Top of Bullfrog Member 611.02 610.38
Top of Tram Member, USW GU-3 803.76 802.45
Top of Tram Member, USW G-3 800.21 796.69
Top of Lithic Ridge Tuff 1,181.52 1,169.72
Top of older tuffs 1,488.27 1,458.46
T. D. 1,533.39 1,499.51

Ineasured by oriented core inclinations.
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Table 9.--Att1’tudes1 of folia in ash-flow tuff and in bedded tuff

Depth
(m)

of drill holes USW GU-3 and USW G-3

Unit

(Gu-3)
29 (surface)
33.77

Tiva Canyon Member
Tiva Canyon Member

Strike and Dip

N.15°E., 6°SE.
E.-W., 10°S.

45,38 Tiva Canyon Member N.37°E., 10°SE.
107.44 Tiva Canyon Member N.3°E., 6°SE.
162.46 Topopah Spring Member N.24°E., 15°SE.
375.20 Topopah Spring Member N.56°E., 2°SE.
764.01 Bullfrog Member N.22°W., 8°NE.
801.17 Bedded tuff N.21°W., 12°NE.
(63)

3820.03 Tram Member horizontal
3820.64 Tram Member horizontal
3821.34 Tram Member N.18°E., 20°SE.
3821.83 Tram Member N.6°E., 9°SE.
3822.04 Tram Member N.77°E., 19°SE.
1,389.16 Lithic Ridge Tuff horizontal
1,490.84 Lithic Ridge Tuff N.13°E., 13°NW.
1,512.87 Older tuffs N.20°E., 12°NW.

Imeasured on oriented core.

2Measured by Brunton compass on surface.

3"Bedding" surfaces formed by hiatuses in magmatic pulses within a
welded sequence.
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Unit

Table 10.--Thickness of stratigraphic units

at drill holes USW GU-3 and USW G-3

Tiva Canyon Member
Bedded tuff
Topopah Spring Member
Bedded tuff
Tuffaceous beds

of Calico Hills
Bedded tuff
Prow Pass Member
Bedded tuff
Bullfrog Member
Bedded tuff
Tram Member
Bedded tuff
Lithic Ridge Tuff
Bedded tuff
Older tuffs to TD

Average 1
attitude of Drilled Vertical
beds or folia thickness distance
(deq) (m) (m)
8.0 113.90 113.89
n.d.2 15.29 15.29
8.5 299.46 299.28
n.d. 1.99 1.99
n.d. 26.04 26.00
n.d. 18.88 18.85
n.d. 131.49 131.11
n.d. 3.97 3.97
8.0 186.66 186.01
12.0 6.08 6.06
9.6 372.90 364.68
n.d. 8.41 8.35
12.0 303.77 285.94
n.d. 2.98 2.80
13.0 45,12 41.05

True
thickness

— (m)
112.78
15.14
295.99
1.97

25.71
18.64
129.67
3.93
184.20
5.93
359.57
8.23
279.69
2.76
40.00

1Measured from oriented core.

there not determined (n.d.) that attitude above is used.
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thicknesses can not be corrected for thinning related to normal faulting
because the offsets are unknown and, therefore, thicknesses listed in table 10
must represent minimal thicknesses. Particular, the Lithic Ridge Tuff may be
significantly thicker than calculated in table 8, because two major faults are
observed at 1,309.7 and 1,402 m. Abundant fractures and shear zones within
core in densely welded to moderately welded intervals of the Tiva Canyon,
Topopah Spring, Bullfrog, and Tram Members suggest that significant thinning
may also exist in all these units.

Fractures

Numerous planar and nonplanar discontinuities occur in the core of USW
GU-3 and USW G-3; because the displacements or absence of displacements of
most of these discontinuities have not been established along the surface of
these discontinuities, the generalized term fractures is used rather than the
more specific terms fault or joint. Several origins can be attributed to
structural discontinuities in the rocks: (1) Those fractures that contain
mineral coatings, fault gouge, slickensides, breccia, or alteration
discoloration on the fracture surface or those that show evidence of
displacements along the surface of the discontinuities are assumed to have
been created by either tectonic stresses, cooling stresses, or other stresses
related to natural joint formation. (2) Those discontinuities that have none
of the above features and cut the core at angles not close to attitudes
parallel to the core axis are assumed to be mechanical breaks created during
coring or core handling. (3) Those fractures devoid of natural fracture
formation, that have long segments (1 m or more) that are parallel to the core
axis, are assumed to be mechanical breaks created by hydrofracturing the core
during the coring operations, particularly where the fractures sharply curve
toward the core margin.

Mineralogy of Fracture Coatings

The mineralogies of fracture coatings and veins were determined by X-ray
diffraction analysis of 49 selected samples of mineralized fractures, and are
listed in table 11. The frequency of occurrence of smectites and 10-A clays
increases downhole. Palygorskite, a chain-lattice clay mineral with a fibrous
white appearance, is common on fractures at depths less than 250 m. Zeolites
also increase downhole but in the interval where the zeolite Il/zeolite III
zonation (clinoptilolite reaction to analcime + quartz + water) is found in
the groundmass at depths between 1.2 and 1.4 km (D. L. Bish, Los Alamos
National Laboratory written commun., 1982), fractures were not sampled in
enough detail to establish precisely that reaction boundary. However, the
zeolite mineral mordenite is particularly prevalent between 775 and 975 m.
Mordenite commonly forms a transitional phase between the clinoptilolite and
analcime zones (Sheppard, 1973; Surdam, 1977). Fe and Mn minerals include
common occurrences of hematite and less commonly sampled geothite,
lepidocrocite, iron oxide, pyrolusite, and cryptomelane. Veins of sulfides
are absent even though sulfides are commonly disseminated within the
groundmass of the lower portions of the Tram Member and the Lithic Ridge Tuff
(appendix 2).

Because sampling of fractures was programmed only for mineral

identification, not mineral distribution, the data in table 11 are not
representative of either the ranges or frequencies of occurrence. However,
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semiquantitative data on the frequency of occurrence of fracture minerals were
collected systematically by visual identification during fracture character
studies. In spite of difficulties in visual distinction between the major
mineral groups, clays, zeolites, and fine-grained silica minerals, several
trends are obvious on figure 24: (1) The abundance of Mn oxide minerals
decreases downward from a high of nearly 50 percent of the occurrences in the
Topopah Spring Member to less than 5 percent in the older tuffs. (2) The
percent of occurrences of clays increases downhole from about 15 percent for
the Tiva Canyon Member to about 50 percent in units below the static water
level. (3) The frequency of occurrence of carbonates, largely calcite,
decreases from over 30 percent in the Tiva Canyon Member to zero in the
tuffaceous beds of Calico Hills, below which the frequency increases to over
40 percent. Probably the carbonate veins near the surface result from
windblown carbonates deposited on Yucca Mountain, which eventually dissolved
in recharge waters and were precipitated in fractures. Deeper carbonate veins
are likely to reflect a more pervasive rockmass pore-water interaction that
creates extensive carbonate precipitation in both the rock groundmass and
veins. As stated above, the abundance of zeolites probably also increases
with depth, as shown in table 11, similar to the clay trend, but difficulties
in visual recognition of zeolites tend to obscure such a trend.

Fracture Frequency

Determination of fracture frequency in a volume of rock based on drill-
core fracture occurrences requires special geometric considerations, primarily
because fractures that cut core at angles nearly parallel to the core axis are
far more abundant in the surrounding rock volume than indicated in core. A
method of expression of the fracture frequency in a unit volume of rock has
been derived (Scott and others, 1983). In the expression

=909

F=g > o

1’:]0

F is the fracture density per unit volume; z is the thickness of the interval
of core studied; d is the diameter of the unit volume chosen; i is the angle,
from 19 to 900 (any 0° measurements are counted as 19), between the attitude
of the core axis and that of the fractures; and f is the number of fractures
measured within the interval of _core studied for each angle i. In this work,
an arbitrary unit volume of l/m3 is used and, therefore, the diameter is
1.24 m. Several assumptions are used: (1) The fractures are assumed to
extend throughout the rock unit volume. (2) The fractures are assumed to be
planar. (3) As the angle i decreases toward 0, the statistical validity also
decreases; this problem is accepted because the problem cannot be avoided.
The advantages of this expression of fracture density far outweigh these
weaknesses, however. Principally, the bias created by the attitude of the
core is removed, even if the core attitude changes by significant drill-hole
deviation. This philosophy can also be extended to surface fracture surveys
along traverses, slant holes, or horizontal holes. The fracture/unit volume
value provides a unit of comparison rather than an absolute number of
fractures.
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Explanation
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Figure 24.--Frequency of occurrences of secondary minerals found within
fractures in core of drill holes USW GU-3 and USW G-3. Identification
was made by hand specimen observation and was spot checked by X-ray
diffraction at depths indicated in table 11. Because of the difficulties
in distinction between clays, zeolites, and fine-grained silica minerals,
these data should be treated as semiquantitative only. Certainly
zeolites are far more common than indicated on this figure; see table 11

and descriptions in appendix 2 for a better quantitative estimate of the
relative zeolite abundance.
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Fracture frequency found in USW GU-3 and USW G-3 core is expressed in two
ways in this study. The first is to express the number of fractures found in
each 3 m (10-ft) interval without corrections for attitude. These data are
drawn on plate 1 along with lithologic features. The second is a comparison
of the frequency per unit cubic meter with physical-property stratigraphy
(fig. 25). Several important conclusions can be reached from this
comparison. First, the correlation between high-fracture frequency and degree
of welding is profound. Second, the megascopic zonations within densely
welded tuffs show very little variation in fracture frequencies; densely
welded tuffs havg fracture frequencies that range from about 15 to 40
fractures/unit m°. Lithoghysal zones tend to have slightly fewer fractures,
14 to 20 fractures/unit m°. Lastly, below a depth of about 940 m, there is an
abrupt change in the frequency of fractuges, independent of degree of
welding. About 8 to 23 fractures/unit m” are characteristic of moderately
welded tuffs in the Trgm Member above 940 m, yet below that depth, between 2
and 3 fractures/unit m” are present. Explanations for this decrease with
depth may be related to (1) variations in the distribution of fracture
frequencies independent of depth, such as local concentrations of fractures
close to major faults, (2) an increase in confining pressures may produce more
ductile behavior, (3) an increase in the degree of clay and zeolite alteration
prior to formation of fractures will increase the ductile behavior of a welded
tuff (4) some combination of the above.
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STRATIGRAPHIC
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Figure 25.--Frequency of fractures compared to physical-property stratigraphy
expressed by differences in degree of welding in drill holes USW GU-3 and
USW G-3. These fractures include only mineralized cracks, cracks with
altered walls, or cracks that have evidence of shear, such as breccia,
gouge, or slickensides. The density of fractures has been calculated per
unit cubic meter.
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Attitude of Fractures

Fracture attitudes have been determined by oriented cores providing
azimuths and inclinations of the fracture planes, by fracture surveys using
downhole TV cameras above the water table providing azimuths of fracture
planes, and by unoriented cores providing inclinations with no corrections for
hole deviation.

Oriented cores at drill holes USW GU-3 and USW G-3 indicate that the
observations of fracture attitudes made on the surface are similar to those
made at depth (Scott and others, 1983; R. B. Scott and Jerry Bonk, USGS,
written commun., 1983). A separate lower hemisphere diagram has been prepared
for each major interval of densely welded tuff (fig. 26) and a composite of
all these data (174 fractures) indicates that a continuous trend connects two
large maxima, N. 2° W., 840 SW. and N. 28%., 79° SW. A third lesser maximum
at N. 520 E., 84% NW. also exists. As previously discussed, drill-hole
deviation is probably related to fracture attitudes; the trend and p]unge of
the dip direction to the calculated fracture plane maxima is from N. 28Y E.,
799 SW. to N. 20 W., 849 SW., overlapping the trend and plunge of the average
drill-hole deviation, N. 80 E., 820 SW.

Strikes of fractures from the surface to a depth of 142 m were collected
by visual estimates of the compass direction viewed by TV downhole camera
(fig. 27). Dips could not be quantified. Because of the short interval over
which these fracture data were collected and the imprecision of the azimuth
measurement, these data are not conclusive; but, they do show a broad maximum
between N. 350 W. and N. 359 E., in general agreement with the pattern of
oriented core data from the entire hole. Only the fractures that are enhanced
during drilling will be distinct on TV monitor tapes, producing a bias against
fractures not enhanced by drilling.

67



Tpe
47 fractures

_+.

S
(\) Tir & Tt
Tpt

1l fractures
21 fractures

Composite

“Percen' of Poles/
>7 % /)
5-7 % [
3-5 %[
<3%D

I

Figure 26.--Lower hemisphere Schmidt projections of the poles to natural
fractures found in oriented core of drill holes USW GU-3 and USW G-3.
Stereonets for each major unit and a composite of all data are shown.
Tpc = Tiva Canyon Member, Tpt = Topopah Spring Member, Tcp and Tcb = Prow
Pass and Bullfrog Members, Tct = Tram Member, Tlr and Tt = Lithic Ridge
Tuff and older tuffs.
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Figure 27.--Rose diagram of the fracture azimuth attitudes determined from
visual interpretations of downhole TV camera tapes between 15 and 142 m
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